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Utilization of the switchable spontaneous polarization of nanometer scale 
ferroelectric materials offers a promising avenue for future nanoelectronic devices. In this 
dissertation, we use density-functional calculations and phenomenological modeling to 
explore the effects of interface termination on thin-film heterostructures, the effects of 
electron doping in bulk ferroelectric materials on ferroelectric stability, and the effects of 
ferroelectric polarization switching on the electronic and transport properties of interfaces. 
For SrRuO3/BaTiO3/SrRuO3 epitaxial heterostructures grown on SrTiO3, we find 
that the built-in dipole at the BaO/RuO2 terminated interface leads to a strong preference 
for one polarization. We predict that this unfavorable interface dipole effect can be 
alleviated by deposition of a thin layer of SrTiO3 at the BaO/RuO2 interface. Our 
theoretical prediction is confirmed by the results of experimental studies performed by 
our colleagues at University of Nebraska.   
While ferroelectric materials are normally considered as insulators, 
ferroelectricity and conductivity can coexist in electron-doped BaTiO3 (n-BaTiO3). We 
demonstrate that ferroelectric displacements persist up to the critical concentration of 
0.11 electron per unit-cell volume consistent with experiment. Our investigations show 
that the ferroelectric instability requires only a short-range portion of the Coulomb force 
 
 
with an interaction range of the order of the lattice constant, thus providing a new insight 
into the origin of ferroelectricity in displacive ferroelectrics.   
The effects of ferroelectric polarization on the electronic and transport properties 
are explored for the SrRuO3/n-BaTiO3(001) heterojunction. Ferroelectric polarization 
controls the accumulation or depletion of electron charge at the interface and thus 
determines the electron and spin transport regime. First, we find that the interface 
exhibits a Schottky tunnel barrier for one polarization orientation, whereas an Ohmic 
contact is present for the opposite polarization orientation. This leads to a five orders of 
magnitude change in the interface resistance with polarization reversal. Second, by taking 
into account the fact that SrRuO3 is a ferromagnetic metal below 160 K, we find that the 
interface transmission is negatively spin-polarized. In the high doping regime, we predict 
that the ferroelectric polarization reversal alters the transport spin-polarization from -65% 
to -98%, whereas in the low doping regime, the spin-polarization of transmission across 
the SrRuO3/n-BaTiO3(001) interface changes sign.   
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Chapter 1  Introduction 
1.1 Ferroelectric materials 
Ferroelectrics represent a large sub group of dielectric materials, which have two major 
characteristics. The first one is the existence of spontaneous electric polarization. The 
second one is the response of polarization to electric field: polarization must be reversible 
when a sufficiently large electric field is applied in the opposite direction. The research 
on ferroelectrics normally deals with the mechanism of the formation of spontaneous 
polarization, the relationship of polarization to the atomic and electronic structure, the 
control of ferroelectric polarization, and the use of ferroelectric materials in electronic 
devices.  
 
 
Figure 1.1 Crystal structure of the perovskite ferroelectric BaTiO3. (A) High temperature, 
paraelectric, cubic phase. (B and C) Room temperature, ferroelectric, tetragonal phases, 
showing up and down polarization variants. From ref. [1] 
 
The history of ferroelectrics goes back to the discovery of Rochelle salt in 1920s. 
However, it was not until the 1940s when the discovery of ferroelectric BaTiO3 
2 
 
stimulated studies on ferroelectricity as a phenomenon because of its simple atomic 
structure. In succession, theories of ferroelectricity have been established including the 
Landau’s phenomenological theory and the soft-mode theory. Even today, BaTiO3 is one 
of the most studied ferroelectric materials. BaTiO3 belongs to the perovskite family and 
its ferroelectric response stems from the displacements of the cation atoms (Ti) with 
respect to the anion atoms (O) [1], as is shown in Figure 1.1. In this thesis, all the systems 
studied are based on the perovskite structure. 
 
 
Figure 1.2 A typical ferroelectric hysteresis loop. The magnitude of the remanent 
polarization is shown (vertical dashed segment). From ref. [2] 
 
In ferroelectric materials, the polarization directions can be switched by the 
external electric field due to the coupling of the electric field E

 and the polarization P

. 
This coupling reflects the change of relative energy E P−
 
 . The response of the 
polarization to the applied electric field produces a hysteresis loop which could be 
measured experimentally, as shown in Figure 1.2 [2]. Two values measured from 
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experiment upP

 and downP

 correspond to the two opposite remanent polarizations. Their 
values are given when the applied electric field is zero.  
Perovskites are a large family of materials which exhibit a broad range of physical 
properties including ferroelectricity, ferromagnetism, magnetoelectric coupling, and 
superconductivity [3, 4, 5, 6]. The atomic structure of a perovskite can be represented by 
a chemical formula ABO3 .  An ideal perovskite has a cubic unit cell shown in Fig. 1.1(a). 
By symmetry this cubic structure does not have a polarization and thus is not a 
ferroelectric.  From the large family of perovskites, only few of them are ferroelectric [7]. 
As early as 1926, Goldschmidt recognized the relationship between the stability of the 
perovskite structure and the oxygen octahedra containing B atoms [8]. The size of A and 
B atoms determines the structure. In this empirical theory a tolerance factor t  is defined 
by 
                                       ( ) / 2( )A O B Ot R R R R= + + ,                                             (1) 
 
where AR , BR and OR  are radii of A, B and O atoms respectively. For 1t > , the structure 
prefers a ferroelectric state with a polar distortion of B atom (for example, BaTiO3). For 
1t <  rotation distortion suppresses ferroelectricity (for example, SrTiO3 and CaTiO3). 
Ferroelectricity is sensitive to strain due to its strong effect on the atomic structure. The 
in-plane strain influences the phase diagram of a ferroelectric thin film, and this effect is 
widely used nowadays for the growth of ferroelectric heterostructures with modified 
ferroelectric properties. Even in a paraelectric material, such as SrTiO3, epitaxial strain 
may induce a ferroelectric phase [9]. 
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Ferroelectric materials are also sensitive to temperature and strain. The former 
property is called pyroelectricity and the latter piezoelectricity. These properties have 
been used for long time. For example, pyroelectricity is used for infrared detection and 
piezoelectricity is used for sound detection, voltage source and as an actuator [10, 11]. 
 
 
Figure 1.3 Phase diagram of PZT solid solution. From ref. [12] 
 
In addition to the pure perovskites, perovskite oxide solid solutions have also been well 
studied. With isoelectronic substitutions, the phase diagram shows transition from one 
ferroelectric phase to another. A morphotropic phase boundary (MPB) is the transition 
region in the phase diagram. Figure 1.3 shows a phase diagram of PZT – a solid solution 
between PbZrO3 and PbTiO3 [12]. In the vicinity of MPB, an external applied electric 
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field can easily induce phase transition from one phase to another and lead to strong 
piezoelectric effects. This kind of solid solution ferroelectric is used in actuators.  
How to define an electric polarization? The traditional macroscopic view 
(Clausius-Mossotti model) defines polarization as the electric dipole moment per unit 
volume which is similar to the definition of ferromagnetic polarization. In this picture, 
each electric dipole is isolated from each other. An electric dipole moment results from 
the offset of the net electrical center of positive charge and negative charge within a unit 
cell of the material.  However, this picture is contrary to the real distribution of charge in 
a real crystal, because it is hard or even impossible to identify an individual electric 
dipole since the distribution of electron is delocalized in crystal. The electronic charges 
are not localized but continually dispersed in the crystal lattice, which implies that 
polarization of a crystal cannot be defined solely from the charge density distribution [13]. 
This is intuitively obvious if we realize that electron charge transfer happens not only 
within a unit cell but among unit cells when polarization changes under external forces.  
The modern understanding of electric polarization does not take polarization as an 
absolute intensive quantity. The observable polarization is defined by the accumulated 
adiabatic flow of current in the crystal. This theory is known as Berry-phase theory, 
where the polarization is expressed in the form of a quantum phase known as a Berry 
phase [14]. In this picture, the spontaneous polarization is not the absolute value but a 
difference of two different ferroelectric states. During phase transition from paraelectric 
phase to ferroelectric, the spontaneous polarization is the change of polarization during 
this process. 
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1.2 Ferroelectric phase transition 
The lack of inversion symmetry is required for a system to be ferroelectric. The soft 
mode theory based on the theory lattice vibrations, may help predict the ferroelectric 
phase transition. For example, the softening of the transverse optical phonon shown in 
Figure 1.4 is a good predictor of ferroelectric phase transition. The mechanism behind the 
soft-mode theory is the temperature dependence of long-range and short-range forces on 
ions. Below the critical temperature, the balance between long-range and short-range 
forces is broken such that the frequency of transverse optical mode TOω goes to zero.  
The softening of the transverse optical mode at the middle of Brillouion zone, with wave 
length λ = ∞  results in ferroelectric order, while the softening of the transverse optical 
mode at the edge of Brillouion zone, 2dλ =  results in antiferroelectric order.  
 
 
Figure 1.4 The transverse optical mode with λ = ∞ (a) and 2dλ = (b). Here d is lattice 
constant. 
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The macroscopic description of ferroelectric phase transition is Landau’s 
phenomenological theory based on symmetry considerations. Phase transitions from 
higher symmetry phase to lower symmetry phases are characterized by the emerging of 
the order parameters. The order parameter describing a paraelectric-ferroelectric phase 
transition is ferroelectric polarization, which appears at low temperature. The free energy 
can be expanded in a power series of the order parameter and only even-order terms are 
retained by symmetry. A standard sixth-order free energy expansion is 
2 4 6
0 0
1 1 1( )
2 4 6P
f a T T P bP cP= − + +  .                                        (2) 
This equation is called the Landau-Devonshire equation. It is successfully used to 
describe ferroelectric phase transition for example in BaTiO3 and PbTiO3 with 
polarization restricted to an axis.  To describe the monoclinic phase at MPB in the phase 
diagram of PZT, eight-order expansion is necessary [15]. 
In a real system, due to the fluctuations of polarization or due to the existence of 
boundary, polarization is not spatially uniform. The variations of the polarization 
contribute to the free energy of a ferroelectric system. In this case, there is an additional 
term in the free energy due to the variations of polarization proportional to 2P∇ . This 
equation is called the Landau-Ginzburg equation: 
22 4 6
0 0
1 1 1( )
2 4 6P
f a T T P bP cP Pγ= − + + + ∇                             (3) 
The parameters in the Landau-Ginzburg equation are determined by experiments or 
quantum mechanical calculations. The Landau theory plays important role in 
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understanding ferroelectricity and associated phenomena and can be extended to 
ferroelectric thin films by taking into account the interface effects. 
 
1.3 Nanoscale ferroelectric heterostructure 
 
 
Figure 1.5 A schematic diagram of (a) a short-circuited electrode–ferroelectric structure 
with the spontaneous polarization displayed; (b) its charge distribution in the presence of 
perfect electrodes; its (c) charge distribution, (d) voltage and (e) field profiles in the 
presence of realistic electrodes. Q is the charge near the interface which has a distribution 
near the interface. Please note that here the film is taken to be a perfect insulator. From 
ref. [16] 
 
Since its discovery, ferroelectricity has been believed to exist just in bulk materials and 
disappear when the dimensions of a ferroelectric material goes down to the nanoscale. 
This is because the depolarizing field in ferroelectric increases as the dimension of the 
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materials is reduced. The depolarization effect on nanoscale ferroelectric can be 
understood from Figure 1.5 [16]. The depolarizing field is opposite to the direction of 
ferroelectric polarization in ferroelectric materials with boundaries. This depolarization 
effect is detrimental to ferroelectric polarization. With ferroelectric polarization being 
normal to the interface, the screening charges from the electrode compensate the 
ferroelectric polarization charge at each interface. For ideal metal, the polarization 
charges are perfectly compensated at both interfaces and therefore no depolarizing field 
emerges in the ferroelectric film. However, in real case, the effect of interface 
polarization charge is not fully compensated due to the incomplete screening by the 
electrode. The screening charges are distributed in a vicinity of the interface. The net 
charge distribution results in a voltage jump at each interface from the electrode. With 
both electrodes short-circuited, the voltage drop in the ferroelectric film from one 
interface to the other leads to the depolarizing field opposite to the polarization. This field 
depends inversely on the thickness of the ferroelectric film. Therefore, when the 
dimension of the ferroelectric film is down to a critical size, the depolarizing field will be 
strong enough to suppress the ferroelectricity. 
With the development of experimental and theoretical techniques, the research on 
ferroelectric materials has increased significantly since 1990s. Experimentally, the 
techniques of growing complex oxide heterostructure have been well developed. The 
interface atomic structure can be well controlled to create sharp atomic interfaces. In 
theory, the development of first-principles methods has boosted the theoretical studies of 
ferroelectrics, especially ferroelectric nanostructures. Both experimental and theoretical 
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studies proved the existence of ferroelectricity at nanometer scale [17, 18, 19]. These 
studies opened the door to use ferroelectric thin films in nonvolatile electronic devices, 
including memory devices. 
The properties of a ferroelectric thin film are determined by the whole system 
including the substrate and electrodes. The theoretical study of a ferroelectric BaTiO3 
thin film with SrRuO3 electrodes revealed that ferroelectricity could be sustained down to 
six unit cells of BaTiO3 (2.4 nanometers) [18]. Below this critical thickness, 
depolarization field due to the incomplete screening at the metal-ferroelectric interface 
suppresses ferroelectricity. Experimentally, ferroelectricity was found in perovskite 
PbTiO3 thin layer of 1.2 nanometers (3 unit cells) at room temperature [19]. 
When the scale of system is reduced, the interfaces start to dominate the 
properties of the system. For nanoscale ferroelectrics, the atomic behaviors near the 
interface are quite different from the bulk, and this difference leads to rearrangement of 
atomic and electronic structures near the interface which leads to a crucial effect on 
ferroelectricity. Theoretical investigations have shown that, besides electron screening 
from electrode, ionic displacements in the metal electrode near the metal/ferroelectric 
interface have essential impact on the stabilization of ferroelectricity in ultra-thin BaTiO3 
[20, 21]. With soft lattice electrodes, the polarization continues into the metal and the 
bound polarization charges are then screened in the electrode. This screening mechanism 
results in the reduction of the critical thickness for ferroelectricity. In addition to 
screening, we will show in Chapter 2 that the different types of termination at the 
interface result in difference in the interface dipoles, affecting differently the ferroelectric 
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polarization.  By engineering the interface, the detrimental interface termination could be 
eliminated and the ferroelectric stability could be enhanced. 
Another aspect that is very important for ferroelectric stability at the nanoscale is 
the type of the substrate. The in-plane strain due to the misfit of the lattice constants 
between substrate and the ferroelectric results in the distortion of the lattice and therefore 
affect the ferroelectric stability of the system [22, 23]. 
If we analyze the mechanism of the formation of ferroelectric phase, in a BaTiO3 
as an example, three interactions control the ferroelectric displacements: (i) Ti-3d and O-
2p orbitals hybridization, (ii) short-range repulsive force due to the electron cloud, and 
(iii) the long-range Coulomb interaction. The long-range Coulomb interaction plays a 
crucial role in the formation of soft mode and ferroelectric displacement in a perovskite 
ferroelectric. Our theoretical study, discussed in Chapter 3, found, however, that only the 
short-range part of the Coulomb interactions (with a length scale about 2 unit cells in 
BaTiO3) determines the formation of ferroelectric phase. This implies that, for a BaTiO3 
thin layer, several unit cells thickness is enough to sustain the intrinsic balance between 
different interactions required for the formation and stability of ferroelectric displacement. 
We see therefore that the interface influences ferroelectric stability, and, on the other 
hand, the ferroelectric polarization affects the properties of the interface. This brings 
useful functionalities which may be employed in electronic devices. It has been shown 
that the switching of ferroelectric polarization in the thin-film heterostructures affects the 
electronic and/or atomic structures at the interface leading to interesting phenomena such 
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as the magnetoelectric coupling at ferroelectric/ferromagnetic interfaces [24, 25], the 
metal-insulator phase transitions [26, 27] and change of contact resistance [28].   
 
1.4 Ferroelectric tunnel junction 
One of the notable examples of the effect of ferroelectric polarization on functional 
properties is the tunneling electroresistance effect, which has been predicted and 
observed in ferroelectric tunnel junctions (FTJs) [29, 30].   A ferroelectric tunnel junction 
(FTJ) is a thin-film structure with an ultrathin ferroelectric layer sandwiched between two 
metal electrodes. In such a system, the ferroelectric insulator acts as a tunnel barrier and, 
if a bias voltage is applied across the FTJ, charge carriers can be transferred between the 
electrodes due to the phenomenon of quantum-mechanical tunneling.  
The reversal of ferroelectric polarization in the barrier leads to a significant 
change in the tunneling resistance. The orientations of polarization in the barrier 
correspond to two states with high conductance RG  and low conductance LG . A FTJ is 
characterized by tunneling electroresistance (TER), which is defined as 
( )
( )
R L
R L
G GTER
G G
−
=
+
.                                                         (4) 
The studies on FTJs are focused on the mechanisms of the TER effect and how to 
enhance it. 
Early experimental works found that the critical field to switch resistance is in 
line with the coercive field of ferroelectric thin films. This result proves that the origin of 
the switching of resistance is due to the ferroelectric polarization reversal in the  
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Figure 1.6 The giant tunneling electroresistance (TER) effect in ultrathin strained 
BaTiO3 films. Piezoresponse force microscopy (PFM) phase image (a–c) and conducting 
atomic force microscopy resistance mapping (d–f) of four written ferroelectric stripes (1 
× 4 μ m 2 ) for BaTiO3 films with a thickness of 1, 2, and 3 nm. (g–i) Corresponding 
resistance profiles of the poled area. (j) Thickness dependence of resistance (R) of 
unpoled (red squares), and positively (black triangles) and negatively (blue circles) poled 
regions. An exponential increase in R and TER (k) with BaTiO3 thickness is seen, as 
expected for direct tunneling. From ref. [32] 
 
ferroelectric barrier [31]. Experimentally, however, the I-V curve alone is not sufficient 
for the identification of the underlying resistive switching mechanism. Clear evidence of 
the link between ferroelectricity and transport was reported recently [32, 33]. Figure 1.6 
shows the correlation between the ferroelectric polarization orientation and the transport 
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properties in BaTiO3 films of different thickness. Figures 1.6(a-c) show the 
piezoresponse force microscopy phase images and the corresponding tunneling 
conductance across these films are shown in Figure 1.6(d-f) which are measured by 
conducting atomic force microscopy (C-AFM). It is seen from Figure 1.6(j) that the 
resistance grows exponentially with the film thickness, which is a clear evidence of a 
tunneling transport regime in FTJ. 
The electric potential height in the barrier due to incomplete screening of the 
polarization charge could be modulated by the reversal of polarization, affecting the 
tunneling resistance [34]. Since the resistance depends exponentially not only on 
potential height but also on potential width, TER is expected to be greatly enhanced by 
modulation of the potential width by ferroelectric polarization switching. Theory has 
predicted such a mechanism in FTJs with two metal electrodes of different screening 
lengths [34]. However, the TER in such a FTJ with metal electrodes is not big due to the 
small screening length of the metal. Recently, a sizable (104) TER was found in a FTJ 
(Pt/BaTiO3/Nb:SrTiO3) with one electrode replaced by a Nb doped SrTiO3 
semiconductor [35]. This exciting result was qualitatively explained by the depletion of 
the semiconductor surface due to the negative polarization charge when polarization is 
pointing out of this interface. 
Tsymbal and Kohlstedt summarize three mechanisms that affect the transport 
properties due to the reversal of ferroelectric polarization in the tunneling barrier as 
shown in Fig. 1.7. [29] (1) Due to incomplete screening of polarization charge at the 
interface, depolarizing field is seen by the transport electrons across the barrier. The 
15 
 
reversal of ferroelectric polarization changes the potential profile and induces the change 
of transport properties. (2) The ionic displacements in electrodes near the interface affect 
the screening effect at the interface. The reversal of ferroelectric polarization influences 
the positions of ions near the interfaces. The chemical bonding between atoms is affected 
by the reversal of polarization and leads to the change of electronic transport. (3) All 
ferroelectrics have piezoelectric properties. The applied voltage produces strain on the 
ferroelectric barrier and therefore changes transport characteristics of the barrier, for 
example the width and the attenuation constant. 
 
 
Figure 1.7 Schematic diagram of a ferroelectric tunnel junction, which consists of two 
electrodes separated by a nanometer-thick ferroelectric barrier layer. (Egap is the energy 
gap. FE  is the Fermi energy, V is the applied voltage, Vc is the coercive voltage, t is the 
barrier thickness, and t∆  is the thickness variation under an applied field. From ref. [29] 
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Moreover, the combination of ferroelectric and ferromagnetic nanostructures in 
FTJs may make the junction multiferroic. In such extended FTJs, spin-dependent 
tunneling is controlled by electric polarization and the functionalities of such FTJs could 
be enhanced [36, 37].  
For practical applications it is important to increase the ON/OFF resistance ratio 
(the TER effect). Recently, experiment and theory found that with electron doping, 
BaTiO3 could be made conducting [38]. These studies open the way to use a conducting 
ferroelectric in novel ferroelectric devices. Switching ferroelectric polarization in electron 
doped ferroelectrics results in a promising phenomenon. In Chapter 4, we present a study 
on a metal/n-ferroelectric heterojunction, where we predict that reversal of ferroelectric 
polarization leads to a change of the conductance regime at the interface from Ohmic to 
Schottky, leading to a huge resistance ratio of 105. In Chapter 5, we show ferroelectric 
controlled spin polarization across the interface ferroelectric/n-ferroelectric 
heterojunction. 
Besides tunneling, another interesting and important ferroelectric polarization 
dependent transport phenomenon is the photovoltaic effect. Ferroelectrics are usually 
insulators. However, some narrow gap ferroelectrics, for example BiFeO3 (BFO), show 
semiconducting behavior. Under visible light illumination, photovoltaic effect has been 
seen in BFO [39, 40, 41]. The direction of the photocurrent created in ferroelectric 
semiconductor depends on the direction of ferroelectric polarization.  
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Chapter 2  Interface effect on ferroelectric stability of 
nanoscale ferroelectric films 
 
Utilization of the switchable spontaneous polarization of ferroelectric materials offers a 
promising avenue for the future of nanoelectronic memories and logic devices provided 
that nanoscale metal-ferroelectric-metal heterostructures can be engineered to maintain a 
bi-stable polarization switchable by an applied electric field. The most challenging aspect 
of this approach is to overcome the deleterious interface effects which tend to render 
ferroelectric polarization either unstable or unswitchable and which become ever more 
important as ferroelectric materials are produced thinner and thinner. In this chapter, we 
show results of our theoretical studies, which has been published in ref. [42]. We use 
first-principles density functional calculations and phenomenological modeling to 
demonstrate that the BaO/RuO2 interface termination sequence in 
SrRuO3/BaTiO3/SrRuO3 epitaxial heterostructures grown on SrTiO3 can lead to a non-
switchable polarization state for thin BaTiO3 films due to a fixed interface dipole. The 
unfavorable interface dipole at the BaO/RuO2 interface leads to a strong preference for 
one polarization state and, in thin-film structures, leads to instability of the other state 
below a certain critical thickness, thereby making the polarization unswitchable. We 
analyzed the contribution of this interface dipole to the energetic stability of these 
heterostructures. Furthermore, we propose and demonstrate that this unfavorable 
interface dipole effect can be alleviated by deposition of a thin layer of SrTiO3 at the 
BaO/RuO2 terminated interface. Our first-principles and phenomenological modeling 
predict that the associated change of the interface termination sequence to SrO/TiO2 on 
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both sides of the heterostructure leads to a restoration of bi-stability with a smaller critical 
thickness, along with an enhancement of the barrier for polarization reversal. These 
results demonstrate that interface engineering is a viable approach to enhance 
ferroelectric properties at the nanoscale. Our theoretical predications have been 
confirmed by the experimental studies performed by our experimental collaborators 
which are published in ref. [43]. 
 
2.1 Ferroelectric stability of SrRuO3/BaTiO3/SrRuO3 capacitor 
We consider a ferroelectric capacitor with a thin ferroelectric layer inserted between two 
conducting electrodes. In such a thin film structure with perpendicular-to-the-plane 
ferroelectric polarization, three effects may influence ferroelectric stability: 
depolarization effect, built-in electric field and interface dipole. Addressing these 
detrimental effects is critical both for the fundamental understanding of the ferroelectric 
behavior at the nanoscale and related device performances. 
As was discussed in Section 1.4, depolarizing field due to incomplete screening of 
the polarization charges accumulated on the two surfaces of the film is largely 
responsible for determining thin film ferroelectric stability. The depolarizing field can be 
reduced by formation of screening charges at the film electrode interfaces [18, 44, 45] 
and/or by the forming a non-uniform domain structure [19, 46, 47, 48, 49, 50, 51]. The 
depolarization effect is due to the intrinsic properties of electrode material because of the 
finite screening length of the electrode. It was found that high-quality ultrathin 
SrRuO3/BaTiO3/SrRuO3 capacitors exhibit severe relaxation of BaTiO3 polarization 
within a few microseconds [52]. This effect is a consequence of strong effective 
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depolarizing fields due to incomplete screening. The screening provided by conductive 
electrodes SrRuO3 in metal-ferroelectric-metal structures appears to be insufficient, 
resulting in unstable ferroelectric polarization. These effects can smear out the 
ferroelectric phase transition and make ferroelectricity unstable at room temperature. 
Theoretical studies found that degree of softness of the metal-oxide electrode 
lattice plays a crucial role in stabilizing the ferroelectric phase. For some electrodes, for 
example SrRuO3, ferroelectric displacement in ferroelectric layer doesn’t reduce sharply 
at the interface but penetrates into the metal electrode as is shown in Figure 2.1. In this 
case, the bound charges are screened within the electrodes due to the ionic screening 
effect. This effect provides an efficient mechanism to stabilize ferroelectricity of 
ferroelectric capacitor [20]. 
 
Figure 2.1 Penetration of the ionic polarization into the metal. The gradient in shading 
represents the concentration of free charge carriers, while the solid line represents the 
absolute value of polarization. From ref. [20] 
 
Built-in electric field results from the different electronic and chemical 
environments of interfaces. The asymmetry could be due to different metal electrodes or 
different interface terminations. The strength of the built-in electric field biE  in a 
capacitor is determined by the work functions of the two electrodes 1φ  , 2φ and the 
thickness of the barrier L , 
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( )1 2biE Lφ φ= − .                                                     (1) 
Its direction is independent of polarization orientation and results in two non-equivalent 
polarization states [53]. In fact such asymmetry may even destroy the stability of one of 
the polarization states, making the system only monostable in zero applied field and 
therefore nonferroelectric [54, 55]. 
Bonding of interface atoms at the interface becomes important when the 
dimension of system is reduced. Recently, first-principles calculations have predicted that 
interface atomic structure and chemical bonding at the interface may significantly impact 
a thin film ferroelectric state [56]. The local chemical environment at the interfaces 
affects the thin film ferroelectricity through the electrode-oxide bonds, which may 
enhance or reduce ferroelectric displacements. If the interface bonding is sufficiently 
strong and leads to the “freezing” of polar displacements in the interfacial region, a ‘dead 
layer’ will be formed near the interface. The ferroelectric displacement at interface will 
be pinned and affect the ferroelectric displacement of other atoms. Conversely, there is a 
possibility that the interface performs a ferroelectric behavior due to the interface 
bonding. In this case, the surface unit cell performs ferroelectrically. The dipole moments 
at interface are switchable and the ferroelectric instability of the thin film is enhanced. In 
particular, it was found that interfaces formed between AO-terminated perovskites and 
simple metals may produce interfacial ferroelectricity, which enhances ferroelectricity of 
the whole film [57]. These findings open an efficient way to stabilize and even enhance 
ferroelectricity in nm-thick films through interface engineering. 
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2.2 Interface dipole effect on thin film ferroelectric stability 
In this work, we exploit this approach to enhance ferroelectricity in thin BaTiO3 films 
sandwiched between two SrRuO3 electrodes. Using first-principles calculations and 
phenomenological modeling we demonstrate that introduction of a very thin layer of 
SrTiO3 at the BaTiO3/SrRuO3 interface eliminates an unfavorable built-in electrostatic 
dipole at BaO/RuO2 terminated interfaces, leading to a smaller critical thickness for a 
stable and switchable ferroelectric polarization even at room temperature. 
 
2.2.1 Structures and method 
 
 
Figure 2.2 SrRuO3/BaTiO3/SrRuO3 : unit-cell by unit-cell growth leads to asymmetric 
interfaces. 
 
Density functional theory calculations of atomic and electronic structures were performed 
using the plane-wave projector-augmented-wave (PAW) method implemented in the 
Vienna Ab Initio Simulation Package (VASP) [58]. A plane wave cutoff energy of 500 
eV and the local density approximation (LDA) for the exchange and correlation 
functional were used in all calculations. Atomic relaxations were converged using an 
8×8×1 Monkhorst-Pack k-point sampling of the Brillouin zone until forces were less than 
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20 meV/Å. 
We study a series of several related heterostructure supercells of the form 
[SrRuO3]4/[BaTiO3]n/[SrRuO3]4 or [SrRuO3]4/[BaTiO3]n[SrTiO3]m/[SrRuO3]4 with n = 
8, 6, 5, 4 and m = 1, 2. In Figure 2.2, we show a SrRuO3/BaTiO3/SrRuO3 heterostructure 
with m=8. SrTiO3, BaTiO3 and SrRuO3 belong to the same pseudocubic perovskite-
oxide family with formula unit ABO3. To simulate coherent epitaxial growth on a (001) 
oriented substrate of SrTiO3 we constrain the in-plane structure of each bulk material 
component of the heterostructure to a 1×1 cubic perovskite cell with lattice constant a = 
3.871Å consistent with the calculated LDA lattice constant of cubic SrTiO3 and perform 
full relaxation of the internal z-coordinates and tetragonal out-of-plane lattice constant c. 
For the metallic SrRuO3 we find a centrosymmetric tetragonal structure with c/a = 1.013 
and for ferroelectric BaTiO3 we find a polar structure consistent with previous 
calculations and a c/a ratio of 1.055. For SrTiO3 the structure remains cubic with c/a = 1. 
The supercells are then constructed by stacking these structural unit cells along the [001] 
direction (which we consider the z-axis) and performing full internal relaxation of the 
supercell subject to the same in-plane constraint. Figures 2.3(a) and 2.4(a) show 
schematic side views of the SrRuO3/[BaTiO3]8/SrRuO3 and 
SrRuO3/[BaTiO3]6[SrTiO3]2/SrRuO3 supercells, respectively. Due to computational 
limitations, we ignored the antiferrodistortive tilts and rotations of the oxygen octahedra, 
which are known to occur in some perovskite oxides [59], that would require a doubling 
of the in-plane size of the cell, and therefore double the number of atoms in the system. 
These octahedral distortions occur at low temperatures and suppressing them, as has been 
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done in other first-principles studies [60, 61], should not appreciably affect the stability 
of ferroelectricity in BaTiO3. 
 
2.2.2 Polarization Stability of SrRuO3/[BaTiO3]n/SrRuO3 
The presence or absence of two different stable polarization states in each of the 
asymmetric SrRuO3/[BaTiO3]n/SrRuO3 heterostructures with n = 8, 6, 5 or 4 is tested by 
careful construction of the initial (pre-relaxation) supercell. During the first step of 
constructing each supercell the BaTiO3 is assumed to have only a small deviation from 
its non-polar centrosymmetric state, i.e. with small relative displacement of Ti and Ba 
atoms with respect to their in-plane oxygen neighbors either along +z or –z. The 
polarization state with polarization pointing away from the BaO/RuO2 interface was 
easily established for all BaTiO3 thicknesses tested. In this case, the polarization is 
pointing along –z, and we denote this state as the P− state. For the opposite polarization 
state in these structures, however, this procedure did not always lead to a stable 
polarization. In this case, the polarization is pointing along +z, and we denote this state as 
the P+ state. In the n = 8 structure both polarization states are stabilized, as can be seen 
from the layer-by-layer metal-oxygen relative z-displacements in Figure 2.3(b). The n = 6, 
5 and 4 structures, however, always relaxed to the opposite, P− state. In these cases 
exhaustive tests were performed with different starting polarization structures in an 
attempt to find a stable P+ state, but to no avail. This indicates that the n = 6, 5 and 4 
structures are only mono-stable, with polarization pointing away from the BaO/RuO2 
interface. 
24 
 
 
 
Figure 2.3 (a) The atomic structure of the SrRuO3/[BaTiO3]8/SrRuO3 supercell with the 
BaO-RuO2 termination at the top (right) interface. (b) Layer-by-layer profile of the polar 
metal-oxygen (M-O) relative z-displacements for the two polarization states. Squares and 
triangles correspond to the P+ and P− states, respectively. Open symbols correspond to 
Ba-O and Sr-O displacements; closed  and open symbols correspond to Ti-O2 and Ru-O2 
displacements, respectively. (c) The total energy per Ti atom calculated form first-
principles (symbols) and phenomenological modeling (curves) as a function of z-
averaged polarization of BaTiO3 for SrRuO3/[BaTiO3]n/SrRuO3 heterostructures with 
different number of BaTiO3 unit cells: n=8, 6, 5 and 4 (squares, circles, up-triangles, 
down-triangles). The solid curve for n = 8 is a fit to the phenomenological model (see 
section III). The dashed curves for the thinner structures use the thickness-independent 
fitting parameters derived from n = 8 fit. 
The origin of this preference for the P− state can be discerned by examination of 
the metal-oxygen displacements of the n = 8 structure shown in Figure 2.3(b). The first 
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point to notice is that the Ba-O and Ti-O2 relative displacements all maintain the same 
sign and roughly the same magnitude throughout the BaTiO3 layer, indicating that the 
ferroelectric polarization is more-or-less uniform. Second, we note that there are also Sr-
O and Ru-O2 displacements whose magnitude decay away from the interfaces into the 
bulk of the SrRuO3 metallic electrode. For the most part these polar displacements in the 
SrRuO3 follow the ferroelectric polarization in the BaTiO3. This follows from the fact 
that the electrodes possess a finite screening length and electric fields can penetrate them 
to cause an ionic polar response of the structure. This effect plays an integral role in the 
electrostatic properties of heterostructures containing metallic oxides and has been 
studied both theoretically [20, 62] and experimentally [63] in different materials systems. 
The exception in our case, however, appears to be at the BaO/RuO2 terminated interface 
for the P+ state where the polar displacements in the first two RuO2 layers of the 
electrode are opposite to the ferroelectric polarization. The signature of this built-in 
distortion at the BaO/RuO2 interface also appears in the P− state as an enhanced negative 
polar displacement on the first interface RuO2 layer in Figure 2.3(b).  
The interface dipole arises due to a mismatch between ionic radii: the Sr-Ti 
interface can be viewed as one cell of SrTiO3, whose cationic radii complement one 
another so that it has a preference to be centrosymmetric, and will therefore only develop 
off-centering in response to an electric field. At the Ba-Ru interface, however, Ba has a 
larger ionic radius than Sr and, just as it does in BaTiO3, leads to off-centering of the B-
site cation (Ru4+ in this case) with respect to the co-planar oxygen ions. The asymmetric 
environment of the interfacial Ru, however, strongly favors only one orientation 
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(negative in our case). In addition, BaRuO3, which is essentially what we have at the Ba-
Ru interface, only assumes the pseudo-cubic-perovskite structure similar to SrRuO3 at 
high pressures due to the larger A-site cationic radius [64]. The presence of a built-in 
interface dipole at the BaTiO3/SrRuO3 interface with this termination has been noted in 
previous works [37, 60]. We note, however, that this dipole forms due to fixed interface 
displacements and hence has a different origin compared to the charge mismatch effect 
[63] or the effect of a polar interface [65]. 
The question remains as to what role, if any, this built-in dipole affects the 
polarization stability. First, we note that the two polarization states in the n = 8 structure 
differ in energy by E+ – E– = 2.15 meV/Ti, where E± is the energy of the P± state. In 
addition, the polar displacements in the BaTiO3 are slightly larger for the P– state than 
for the P+ state. Both are consistent with the idea of a built-in electrostatic interface 
dipole pointing in the –z direction.  
To gain a more comprehensive, though only semi-quantitative, picture of the 
interface dipole effect on the polarization stability, we performed a series of calculations 
which interpolate between these two polarized states. The two polarization states differ 
only in the atomic z-positions, with atom m having z coordinate zm± in the P± state. Using 
these positions we construct a series of structures parameterized by the dimensionless 
constant λ with z-coordinates 
                      ( ) ( )  1m m mz z zλ λ λ+ −= − + ,                                                            (2) 
and perform fully self-consistent calculations to obtain the energy of each structure, E(λ). 
To obtain the energy versus polarization we estimate the local polarization distribution 
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within BaTiO3 using a model based on the Born effective charge [66] by computing the 
local polarization P(z) in the BaTiO3 as follows:∗ 
 
                           *
1
( )
N
m m
m
eP z Z zδ
=
=
Ω ∑ .                                                                 (3) 
Here N is the number of atoms in the primitive unit cell, δzm is the displacement of the 
mth atom away from its position in the centrosymmetric structure, and Ω is the volume of 
the unit cell. The Born effective charges Zm* are 2.77 and 7.25 for Ba and Ti, respectively, 
and -2.15 and -5.71 for O ions in the TiO2 and BaO planes, respectively [2]. Using these 
values the polarization of the strained bulk BaTiO3 is calculated to be 27μC/cm2, which 
is in excellent agreement with our calculated value of 26 μC/cm2based on the first-
principles Berry phase method [14]. 
For the supercell heterostructure we then average this P(z) over the BaTiO3 layer 
for each intermediate scaled structure to obtain P(λ) and therefore E(P), which is plotted 
as squares for the n = 8 case in Figure 2.3(c). [The curves in Figure 2.3(c) correspond to 
the zero-temperature phenomenological modeling discussed in Section 2.3 below.] It is 
seen that this double well potential is asymmetric due to the presence of the built-in 
interface dipole. The two minima correspond to the two stable polarization states, and the 
well depth with respect to P = 0 for each minimum corresponds to an effective barrier for 
polarization reversal. This barrier height, however, only corresponds to a very restricted 
path through the dense structural phase space for polarization reversal defined by Eq. (2). 
∗ We note that the method based on the Born effective charges calculated for bulk ferroelectrics cannot 
provide a quantitatively accurate description of the local polarization distribution in heterostructures due to 
the effects of interfaces and local fields which do not exist in the bulk. Nevertheless, we find this approach 
valuable for a semi-quantitative exploration of the polarization behavior. 
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Instead we can view these barrier heights as an upper bound on the minimum energy 
required for switching in real systems where reversal can occur through a myriad of other 
routes: e.g. here we only consider a path where polarization remains more-or-less 
uniform throughout the BaTiO3 during reversal, whereas, in reality, developing a non-
uniform polarization may significantly lower the barrier. Nevertheless, this energy profile 
provides clear insight into how the interface dipole affects polarization stability. 
We use the same procedure to explore the energetics of the n = 6, 5 and 4 
structures, which are also plotted in Figure 2.3(c). For these structures, however, a stable 
P+ state does not exist and we use an artificial procedure to construct a state with which 
to compare the P– state. This is done by taking the stable P+ structure from the n = 8 
heterojunction, removing 2, 3 and 4 BaTiO3 unitcells from the center, and rigidly shifting 
the atomic positions to form a continuous structure corresponding to the average c/a ratio 
for BaTiO3. With this artificial P+ state for the thinner structures we then perform the 
procedure based upon Eqs. (2) and (3) for scaling between the two states and then 
construct the energy profiles shown in Figure 2.3(c).  
Again we find an asymmetric energy vs. polarization profile for each 
heterojunction. The n = 4 structure shows no minima for a P+ state. For the n = 6 and 5 
systems, however, we find an apparent P+ minimum along this parameterized reversal 
path. These minima should be viewed with caution: they do not correspond to true 
metastable energetic minima, but instead correspond to projections of unstable saddle-
points in the phase space of possible structures. Nevertheless, it is clear that the 
asymmetry induced by the interface provides a significant contribution to the 
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destabilization of switchable ferroelectricity in these junctions as BaTiO3 thickness 
decreases. 
It is known that the depolarizing effects due to the incomplete screening of bound 
polarization charges at the interface between the ferroelectric and a metal electrode can 
lead to the suppression of a stable polarization [52]. This effect, however, is expected to 
destroy polarization symmetrically in ferroelectric capacitors with identical electrode 
materials, i.e. will decrease the well depth of both polarization states, and therefore lead 
to the absence of both polarization minima below a critical thickness. This effect is 
certainly present in our system, as can be seen by the systematic decrease in well depth as 
thickness decreases [see Figure 2.3(c)]. In our case, however, the presence of a stable P– 
state indicates that the interface dipole effect suppresses the useful switchability of each 
structure at a higher critical thickness than the one associated with incompletely screened 
depolarization fields, which would destabilize the P– state as well. 
 
2.2.3 Polarization Stability of SrRuO3/[BaTiO3]n-2[SrTiO3]2/SrRuO3 
 
The results reported above provide clear evidence of the detrimental effect of the 
RuO2/BaO termination on the formation of switchable ferroelectric polarization in 
SrRuO3/[BaTiO3]n/SrRuO3 heterostructures. To alleviate this effect, a natural course of 
action is to eliminate the detrimental BaO/RuO2 termination in favor of the apparently 
more stabilizing TiO2/SrO interface. This may be achieved by depositing a thin SrTiO3 
interlayer at the BaO/RuO2 terminated interface. Below we focus on a two unit-cell 
SrTiO3 layer between the BaTiO3 and SrRuO3 electrodes, as shown in Figure 2.4(a).  
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Figure 2.4 (a) Atomic structure of the SrRuO3/[BaTiO3]6[SrTiO3]2/SrRuO3 supercell 
with the SrTiO3 additional layer at the top (right) interface. (b) Layer-by-layer profile of 
the polar metal-oxygen (M-O) relative z-displacements for the two polarization states. 
Squares and triangles correspond to the P+ and P− states, respectively. Open symbols 
correspond to Ba-O and Sr-O displacements; closed symbols correspond to Ti-O2 and 
Ru-O2 displacements. (c) Total energy per Ti atom calculated form first-principles 
(symbols) and phenomenological modeling (curves) as a function of z-averaged 
polarization of BaTiO3 for SrRuO3/[BaTiO3]n-2[SrTiO3]2/SrRuO3 heterostructures with 
different number of BaTiO3 unit cells: n = 8, 6 and 5 (squares, circles, up-triangles, 
down-triangles).   
 
Calculations of the SrRuO3/[BaTiO3]n-2[SrTiO3]2/SrRuO3 structures confirm the 
stabilizing nature of the SrTiO3 interlayer. In particular, we find that the P± states are 
nearly degenerate for the n = 8, 6, 5 “interface engineered” structures. The layer-by-layer 
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atomic metal-oxygen relative displacements for the n = 8 structure are plotted in Figure 
2.4(b). In contrast to the pure BaTiO3 system [Figure 2.3(b)], we find that the sign of the 
polar displacements in every layer (including in the SrTiO3 and SrRuO3) follows the 
ferroelectric polarization of the BaTiO3 layer, indicating that there are no detrimental 
built-in interface dipoles which oppose polarization stability in either polarization state.  
Following the same procedure as in Section 2.2.2 above, we calculated the energy 
profiles for each junction. As seen from Figure 2.4(c), all the energy profiles consist of a 
nearly symmetric double-well, with each corresponding to a stable polarization state. In 
addition to the recovered switchability of these junctions, we find surprisingly that the 
insertion of the SrTiO3 layer has increased the energy well depth and the effective barrier 
height for each stable state, even for the P− state. This may indicate that the screening of 
the depolarization field may actually be enhanced by the presence of the SrTiO3.  
We would like to emphasize the fact that the enhanced ferroelectric properties of 
the heterostructure are obtained by replacing two layers of a ferroelectric BaTiO3 by a 
paraelectric SrTiO3. Given the fact that SrTiO3 is unstrained in the system considered, 
the ferroelectric polarization of the SrTiO3 is not due to strain but induced by the 
adjacent BaTiO3 layer. The overall enhancement of ferroelectric properties of the 
heterostructure results from elimination of the unfavorable interface termination. This 
behavior is different from the enhanced ferroelectricity found in layered 
ferroelectric/paraelectric heterostructures induced by strain [22, 23]. 
Our calculations for a thinner SrTiO3 layer of one unit cell thickness predict 
similar behavior: changing the interface termination from BaO/RuO2 to TiO2/SrO results 
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in dramatic enhancement of ferroelectric properties and leads to switchable polarization 
for thinner BaTiO3 layers.  We note that the system with one unit cell SrTiO3 at the 
BaO/RuO2 interface is identical to a system where BaTiO3 layer has the TiO2 
termination at the two interfaces. Finally, our calculations for a SrTiO3 layer deposited at 
the SrO/TiO2 interface, i.e. the SrRuO3/[SrTiO3]2[BaTiO3]n-2/SrRuO3 heterostructure, 
do not predict enhanced ferroelectric properties. This result is expected due to the 
unfavorable BaO/RuO2 termination remaining in this system.  
 
2.3 Phenomenological model of polarization stability 
To obtain further insight into the effect of interfaces on ferroelectric polarization stability 
and explore this effect at finite temperatures we employ a phenomenological model 
developed by Gerra et al [60]. This model is based on the Ginzburg-Landau theory of 
ferroelectrics applied to thin films [67] that includes explicitly the term which depends on 
the interface polarization [68, 69]. We consider a short-circuited ferroelectric film 
sandwiched between two electrodes. The Landau free energy includes a bulk term 
proportional to the film thickness and interface terms which are assumed to be different 
for the two interfaces.  
 
2.3.1 Stability of SrRuO3/[BaTiO3]n/SrRuO3 at finite temperatures 
Specifically, for the SrRuO3/BaTiO3/SrRuO3 heterostructure with asymmetric interfaces 
SrO/TiO2 and RuO2/BaO, the free energy Φ per unit surface area of the ferroelectric for 
two polarization states, P+ and P−, is given by equations 
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 (4) 
Here A0 and B are parameters determined by the bulk properties of BaTiO3, and BTOh  is 
the BaTiO3 layer thickness corresponding to n unit cells of BaTiO3. The parameters X± 
and C correspond to interface contributions to the free energy, so that X± = η1 + η2 + 
λ±/ε0 and C = Δφ2 – Δφ1 + ζ1 – ζ2. Here ζ1,2 and η1,2 are first- and second-order 
coefficients in the Taylor expansion of the free energy in terms of  P near interfaces 
(indices 1 and 2 denote left and right interfaces); λ± = (λ1± + λ2±)/2, where λ1± and λ2± are 
the effective screening lengths of the two interfaces corresponding to P±; Δφ1 and Δφ2 
are work function steps at the two interfaces, as defined in Refs. 21 and 60. Δφ1,2 and ζ1,2 
are independent of the direction of P and therefore C is chosen the same for both 
polarizations. By fitting the energy of bulk BaTiO3 as a function of ferroelectric 
displacements, we find A0 = –1.318·109 C-2m2N and B = 6.071·109 C-4m6N.  By fitting 
the n = 8 energy data in Figure 2.3 (c) to Eq. (4) we find the surface parameters C = 
0.11V,  X+ = 1.437 m2/F, and X– = 1.966 m2/F  consistent with the respective parameters 
reported for the identical system in Ref. [60]. Using these parameters we find that the 
phenomenological model is able to describe almost perfectly our first-principles results 
not only for the n = 8 structure but also for the thinner n = 6, 5 and 4 structures, as is seen 
from the dashed curves in Figure 2.3(c).  Therefore, the phenomenological model, 
combined with first-principles calculations, is effective to study ferroelectricity of the 
heterostructures considered in our work.   
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Figure 2.5 Free energy per Ti atom as a function of average polarization predicted by 
phenomenological modeling at finite temperature T = 300K for 
SrRuO3/[BaTiO3]n/SrRuO3 (a) and SrRuO3/[BaTiO3]n-1.5[SrTiO3]1.5/SrRuO3 (b) 
structure with different numbers of titanate unit cells (u.c.), n. Solid curves correspond to 
those structures with both energy wells deeper than 4 meV/Ti, indicating switchable bi-
stability according to the criteria described in Sec. 2.3.1. The dashed curves correspond to 
those structures with at least one energy well less than 4 meV deep, indicating the 
absence of switchability. 
 
-10
-5
0
5
10
15
20
-40 -30 -20 -10 0 10 20 30 40
-10
-5
0
5
10
15
 14 u.c.
 16 u.c.
 18 u.c.
 20 u.c.
 100 u.c.
 4 u.c.
 6 u.c.
 8 u.c.
 10 u.c.
 12 u.c.
BTO/STO
 E
ne
rg
y 
(m
eV
/T
i)
(b)
(a) BTO
 14 u.c.
 16 u.c.
 18 u.c.
 20 u.c.
 100 u.c
 4 u.c.
 6 u.c.
 8 u.c.
 10 u.c.
 12 u.c.
 Polarization (µC/cm2)
35 
 
The calculations presented so far have assumed zero temperature. In the spirit of 
the Ginzburg-Landau approach, however, finite temperatures can be taken into account 
by replacing the quadratic parameter A0 of the bulk with A = A0(Tc – T)/Tc, where Tc = 
900 K is an approximate ferroelectric transition temperature of BaTiO3 under ~2% 
compressive strain as on SrTiO3 [70, 71]. Assuming room temperature, T = 300K, we 
can therefore predict the thickness dependence of ferroelectric stability of the 
SrRuO3/[BaTiO3]n/SrRuO3 heterostructures even for larger thicknesses as plotted in Fig. 
2.5(a). The interface effect caused by the built-in dipole is still present as demonstrated 
by the fact that the double well potential is asymmetric, and that the P+ state is less stable 
than the P− state. 
To estimate the critical thickness for the stability of the P+ state, and therefore a 
switchable ferroelectric state, we employ the following criteria to these energy profiles: (i) 
An energy minimum with P > 0 must exist; (ii) If an energy minimum does exist for P > 
0, such a minimum is only considered stable if the energy minimum is less than -4 
meV/Ti, i.e only if the well depth is larger than 4 meV/Ti. This second criterion stems 
from the fact that the energy profiles in Figures 2.4 and 2.5 correspond to the restricted 
reversal path discussed in Section 2.2.2. Since we find in Figure 2.3(c) that the well depth 
of the n = 6 structure is apparently ~4 meV along this path, but is not in fact stable when 
taking into account the possibility of a non-uniform polarization (as is true in the first-
principles relaxation) we estimate that the well depth for reversal along our restricted 
path is overestimated by the same amount, 4 meV. Applying these criteria to the energy 
profiles at T = 300 K in Figure 2.5(a), we find that when the BaTiO3 thickness is below a 
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critical thickness of about 16 unit-cells (dashed curves in Figure 2.5(a)), the P+ 
polarization state is no longer stable. 
 
2.3.2 Stability of SrRuO3/[BaTiO3]n-2[SrTiO3]2/SrRuO3 at finite temperatures 
The phenomenological modeling of the “interface engineered” structure with the SrTiO3 
layer inserted proceeds in a similar manner. The new termination on interface caused by 
SrTiO3, however, must be carefully considered. Geometrically, this structure can be 
viewed as SrRuO3/[BaTiO3](n-1.5)[SrTiO3]1.5/SrRuO3 with BaTiO3 terminated by TiO2 
on both sides and one monolayer of SrO in SrTiO3 can be viewed as part of SrRuO3. 
Because we now have the same termination on both sides, the parameter which describes 
asymmetry can be considered negligible, i.e. C ≈ 0. Based on our first-principles 
calculations predicting induced ferroelectric polarization in SrTiO3, we introduce an 
additional term, ( )* 2 * 4 STOA P B P h± ±+ , to the free energy to describe the SrTiO3 interlayer. 
Taking all the above into account, we modify Eqs. (4) as follows: 
 
( ) ( ) ( )
( ) ( ) ( )
2 4 2 * 2 * 4
2 4 2 * 2
*
* * 4
BTO STO
BTO STO
P AP BP h X P A P B P h
P AP BP h X P A P B P h
+ +
− − − − − − −
+ + + + +Φ = + + + +
Φ = + + + +
 (5) 
where now BTOh  is the BaTiO3 layer thickness corresponding to (n – 1.5) unit cells of 
BaTiO3, STOh  is the SrTiO3 layer thickness corresponding to 1.5 unit cells of SrTiO3, and 
X*± = η*1 + η*2 + λ*±/ε0  are the new interface parameters. Just as in the case of the pure 
BaTiO3 system, the additional parameters are obtained by fitting the energy data in Fig. 
2.4(c) for the n = 8 SrRuO3/[BaTiO3]n-1.5[SrTiO3]1.5/SrRuO3 heterostructure. In this 
process, however, due to the accuracy of the polarization calculation, we simply assume 
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that the spontaneous polarization P± of the system is the average polarization only within 
the 6 BaTiO3 unit cells. Fitting reveals that (A* hSTO + X+*) = 1.156m2/F, (A*hSTO+ X−*) = 
1.173m2/F and B* = 7.571·109 C-4m6N. 
Calculations for other thicknesses of BaTiO3 were performed using the above 
parameters fixed and only n being varied. We find that at zero temperature the 
phenomenological expression, Eq. (5), matches the first-principles calculations very well, 
as is evident from Figure 2.4(c). To consider the effect of finite temperatures we include 
temperature dependence in the quadratic bulk term for bulk BaTiO3 as we did for the 
system without the SrTiO3 interlayer. The results are shown in Figure 2.5(b) for room 
temperature and indicate the enhanced ferroelectric stability of the interface engineered 
system. With the substitution of 2 unit cells of BaTiO3 by SrTiO3, the critical thickness 
(determined by the same criteria described in Sec. 2.3.1 above) with stable and 
switchable ferroelectric polarization is reduced by a factor of 2 from the system without 
SrTiO3, demonstrating clear bi-stability down to an n = 8 unit-cell structure. This is 
apparent from Figure 2.5(b) where solid and dashed lines distinguish stable and unstable 
polarization states. 
 
2.4 Comments on stability against the formation of domains 
In addition to the stability of a non-zero polarization in a uniformly polarized film, the 
stability of the monodomain state itself must be questioned. Below a certain critical 
thickness, which is generally larger than the critical thickness for the existence of a non-
zero and switchable local polarization (as we have explored above), the polarization 
38 
 
profile of the film may break up into 180° domains with zero average polarization [19, 46, 
47, 48, 49, 50, 51]. Such a polydomain state is unswitchable, and therefore deleterious for 
applications. The question arises as to how the asymmetry of interfaces affects the critical 
thickness for the formation of a polydomain state. While a first-principles approach has 
previously been applied to explore a polydomain state [50], finding the critical thickness 
for such a transition to occur is a daunting task due to the prohibitively large 
requirements on the size of the supercell. Instead, the problem is generally more tenable 
in terms of the phenomenological theory of ferroelectricity. Such a theoretical approach 
has been developed by Pertsev and Kohlstedt [49], where the possibility of asymmetric 
interfaces can be incorporated in a straightforward fashion. While a detailed analysis of 
the interface dipole effect on domain formation is beyond the scope of this work, a 
qualitative description is easy to formulate in terms of the structures we study here. A 
monodomain, uniform, polarization state has a propensity to lower its electrostatic energy 
due to the depolarizing field by forming domains. In the case of asymmetric interface, the 
parameter C, described in Section 2.3.1, will effectively contribute a term to the 
depolarizing field of the form -C/t, independent of the polarization direction. In the case 
of the P+ state, this contribution will effectively increase the depolarizing field, thereby 
increasing the critical thickness required for a stable and switchable monodomain state. 
Preliminary phenomenological modeling based on the theory developed by Pertsev and 
Kohlstedt [49] does indeed agree with this qualitative prediction, and further analysis will 
remain as the subject of a future study. 
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2.5 Experimental evidence 
Our results are supported by experiments performed by our colleagues [43]. Here we 
focus on the experimental data relevant to our discussion. To verify our theoretical 
predictions, several epitaxial BaTiO3-based heterostructures with engineered interfaces 
have been grown (Fig. 2.4(a)) and their switching behavior are studied. Single-crystalline 
BaTiO3 films (with a thickness of 24 unit cells) have been fabricated by pulsed laser 
deposition (PLD) using atomically-controlled layer-by-layer growth on atomically 
smooth (001) SrTiO3 substrates with single-crystalline top and bottom 
SrRuO3 electrodes [71, 72]. As has been proposed in the modeling approach, interface 
engineering has been realized by introducing a SrTiO3 layer with the thickness of 2 unit 
cells between the BaTiO3 and SrRuO3 layers (Figure 2.6(a)). Before the measurements, 
the samples were poled by application of voltage pulses of +4 V, which is well above the 
threshold voltage. In piezoresponse force microscopy (PFM) testing, the parameter 
directly related to the remanent polarization value is the initial piezoresponse amplitude 
signal at 0 V. It can be seen (Figure 2.6(b)) that for the reference 
SrRuO3/BaTiO3/SrRuO3 and for the engineered bottom (b-STO) samples as shown in 
Figure 2.6(a), the initial PFM amplitude and thus the local remanent polarization values 
are close to zero. On the other hand, the engineered top (t-STO) sample as shown in 
Figure 2.6(a) exhibits a much higher initial PFM amplitude signal illustrating an 
enhanced remanent polarization in the sample with the engineered top interface. 
 Further support for the proposed mechanism of polarization retention 
enhancement follows from Electrostatic Force Microscopy (EFM) studies of the BaTiO3  
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Figure 2.6 (a) Schematic diagrams of the reference SrRuO3/BaTiO3/SrRuO3 
heterostructure (no-STO) and heterostructures with engineered top (t-STO) and bottom 
(b-STO) interfaces. Thickness of the BaTiO3 and SrTiO3 layers is 24 u.c. and 2 u.c., 
respectively. (b) PFM hysteresis loops for no-STO, t-STO and b-STO heterostructures 
after application of +4 V poling pulses. The first quarters of the cycles are shown in red 
with arrows indicating the direction of voltage change. A difference in the initial (at zero 
bias) PFM amplitude illustrates a difference in remanent polarization values for different 
heterostructures. (c) EFM images of the no-STO, t-STO and b-STO heterostructures after 
poling by +/-4 V pulses. Contrast inversion upon the change of the pulse polarity is 
attributed to the change of screening charge on the electrodes and indicates a presence of 
a switchable polarization with two stable states.  From ref. [43] 
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heterostructures subjected to poling by positive and negative voltage pulses. Note that 
EFM is sensitive to the presence of the surface charge and, as such, can address the issue 
of polarization stability by detecting the screening charge retained on the electrodes after 
poling. The EFM images of the reference sample and sample with engineered 
heterostructures after +/-4 V poling are shown in Figure 2.6(c). It is seen that while 
poling of the reference SrRuO3/BaTiO3/SrRuO3 sample by negative or positive pulses 
does not lead to any contrast change, the same poling procedure performed on the t-STO 
sample results in the appearance of strong reversible EFM contrast suggesting induction 
of the screening charge in the electrode. For the experimental conditions used in these 
measurements, dark EFM contrast corresponds to the positive charge signal (bright 
contrast indicates negative charges). Based on this observation of the reversible EFM 
signal and its correlation with the sign of the poling voltage, there was confirmation that 
the resulting EFM contrast is indeed due to the screening charge on the electrodes and 
thus indicates a presence of stable polarization in the t-STO sample after poling. No sign 
of the EFM signal decay over the period of several hours was detected suggesting high 
stability of the polarization states.  Therefore, the experimental results above show that it 
is engineering of the top interface only that brings about polarization retention 
enhancement. 
 
2.6 Conclusion 
In conclusion, based on the first-principles calculations and phenomenological modeling, 
we established the importance of interface termination effects on ferroelectric stability of 
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ultrathin BaTiO3 films with SrRuO3 electrodes. We showed that the presence of the 
BaO/RuO2 termination sequence is detrimental to the switchable ferroelectric 
polarization due to an associated built-in interface dipole. This interface dipole points in 
the direction from the interface to the BaTiO3 layer and, for thin BaTiO3 layers, can 
completely suppress one polarization state, thereby making the system unswitchable and 
thus non-ferroelectric. As a mechanism to alleviate this effect we demonstrate that 
ferroelectricity can be stabilized by replacing one or two unit cells of BaTiO3 with 
SrTiO3 at this interface, which essentially removes the detrimental interface dipole due to 
the BaO/RuO2 termination in favor of the more stabilizing TiO2/SrO interface. This 
method of alleviating unfavorable interface structures should be an efficient route to 
realize stable and switchable polarization in ferroelectric thin film heterostructures.  
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Chapter 3  Effect of electron screening on ferroelectric 
stability 
 
We explore the effect of charge carrier doping on ferroelectricity using density functional 
calculations and phenomenological modeling. How does the screening of the Coulomb 
interaction affect the ferroelectric displacements? What is the minimum effective range 
of the Coulomb force to preserve the ferroelectric instability? What happens with the soft 
mode with charge doping? The answers to these questions would not only provide a 
better understanding of the nature of ferroelectricity, but also open new possibilities for 
functional materials. In this chapter, we discuss this effect by considering a prototypical 
ferroelectric material, BaTiO3. We demonstrate that ferroelectric displacements are 
sustained up to the critical concentration of 0.11 electron per unit cell volume. This result 
is consistent with experimental observations and reveals that the ferroelectric phase and 
conductivity can coexist. Our investigations show that the ferroelectric instability 
requires only a short-range portion of the Coulomb force with an interaction range of the 
order of the lattice constant. These results provide a new insight into the origin of 
ferroelectricity in displacive ferroelectrics and open opportunities for using doped 
ferroelectrics in novel electronic devices. 
 
3.1 Is n-doped BaTiO3 a ferroelectric metal? 
The perovskite ABO3 ferroelectric compounds, for example BaTiO3, are an especially 
important group due to the relative simplicity of their atomic structure. The ferroelectric 
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phase transition in these materials is a displacive transition from a high symmetry 
paraelectric phase to a polar ferroelectric phase below the critical temperature. This 
transition is characterized by a decreasing frequency of a transverse optical phonon mode 
(the soft mode) which drops to zero at the transition point and then becomes imaginary in 
the ferroelectric phase, corresponding to a collective displacement of ions from their 
centrosymmetric positions with no restoring force [73]. The ferroelectric instability can 
be explained by the interplay between long-range Coulomb interactions favoring the 
ferroelectric phase and short-range forces supporting the undistorted paraelectric 
structure. BaTiO3 is a band insulator. Its ferroelectric distortion is due to the 
hybridization of the filled oxygen 2p states and the empty d states of Ti. Additional 
hybridizations between O cation 2p and metal anion d orbitals are required to diminish 
the short-range repulsion and thus to allow for the ferroelectric transition [74, 75]. This is 
supported by first-principles calculations indicating that the large destabilizing Coulomb 
interaction yielding the instability is linked to giant anomalous Born effective charges 
arising due to the strong sensitivity of O–metal hybridizations to atomic displacements 
[76]. 
While doping a ferroelectric material may enhance its range of functionalities, 
charge carriers produced by doping screen the Coulomb interactions that favor the off-
center displacements and eventually quench ferroelectricity. This is why it is naturally 
expected that a ferroelectric phase could not exist in conducting materials. However, 
ferroelectric semiconductors have been known for a long time [77, 78]. More recently 
ferroelectric displacements were observed in oxygen reduced conducting electron doped 
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BaTiO3 [38, 79]. A phase diagram is shown in Figure 3.1. It was found that the 
ferroelectric instability is sustained up to a critical electron concentration 
21 31.9 10n cm−≈ × , which corresponds to about 0.1 e per unit cell (u.c.) of BaTiO3. 
 
 
Figure 3.1 Temperature-electron-concentration phase diagram of BaTiO3. The phase 
transition temperatures for different electron concentrations were compiled from the 
resistivity and DSC data for polycrystalline BaTiO3. From ref. [38] 
 
A recent neutron scattering data showed that the ferroelectric distortion and 
metallic phase occur in two distinct phases that do not coexist microscopically [80]. The 
local distortion of Ti-O bond is found to be stable when oxygen reduction is slight. 
However, when oxygen-deficient level is high, distorted and undistorted Ti-O bonds were 
found to coexist. The metallic ferroelectric phase is a mixed phase of tetragonal and cubic 
structure of BaTiO3. 
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3.2 Ferroelectrics metal LiOsO3 
The long-range Coulomb interactions are responsible for ferroelectric distortion, whereas 
the itinerant electrons screen the internal electric field. Therefore, ferroelectricity and 
metallicity is expected to be incompatible. However, Anderson and Blount discussed the 
possibility of a ferroelectric metal based on Landau theory 60 years ago [81]. They 
proposed that ‘second-order transition usually involve some change in internal symmetry 
other than mere strain’ and ‘metallic transitions may be ferroelectric in the sense of the 
appearance of polar axis.’ The pyrochlore compound Cd2Re2O7 was considered a 
ferroelectric metal due to its second-order phase transition and loss of inversion 
symmetry [82, 83]. However, the low temperature phase of Cd2Re2O7 is not ferroelectric 
but piezoelectric. The internal atomic displacements were induced by external shear 
stress [84].  
Recently, LiOsO3 was found to be a ferroelectric metal as proposed by Anderson 
and Blount [85, 86]. Figure 3.2 shows the experimental results from ref. [85]. The 
centrosymmetric to non-centrosymmetric (R3c) transition in metallic LiOsO3 is 
structurally equivalent to the ferroelectric transition of LiNbO3-type ferroelectric 
materials, driven by an order-disorder process involving a shift in the mean positions of 
the Li atoms along the c axis below 140 K.  
This experimental finding has led to a number of theoretical studies on this 
system [87, 88, 89, 90]. The first-principles density functional calculations show that the 
phase transition occurring in LiOsO3 is quite  similar to the phase transition of  
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Figure 3.2 (a) High-temperature centrosymmetric crystal structure of LiOsO3 (b) 
Temperature dependence of the anisotropic thermal parameter 33β , which describes Li 
displacements along the c axis. (c,d) Experimental convergent-beam electron diffraction 
(CBED) patterns for LiOsO3 taken along the [120] zone axis. Measurements made at 
room temperature (c) and 90 K (d). An arrow or arrowhead indicates the absence or 
presence of mirror symmetry perpendicular to the c∗ axis. From ref. [85] 
 
48 
 
ferroelectric LiNbO3. The noncentrosymmetric phase of LiOsO3 is associated with 
phonon mode softening and octahedral tilting [88]. Unlike LiNbO3, where both A-site Li 
and B-site Nb contribute to the ferroelectric transition, in LiNbO3, only Li atom tends to 
displace towards the neighboring out-of-plane O atoms to lower the electrostatic energy 
[87]. Another theoretical study points out that the lattice and electronic degrees of 
freedom are involved in the ferroelectric metal LiNbO3 [89]. This study reveals that 
while Li-O distortion mode is responsible for ferroelectric-like instability, the Os-O 
distortions allow for the hybridization of Os-d states and O-p states as in common 
ferroelectric insulators. The nearly empty eg orbitals hybridize with the oxygen p orbitals 
leading to the ferroelectric distortions, while the nearly half-filled t2g orbitals are 
associated with the metallic response. The study in ref. [90] points out that, the spin-
orbital interaction and electronic correlation are not important for the Os-5d electron in 
LiOsO3 and the charge distribution is highly anisotropic. Therefore the dipole-dipole 
interaction in polarization direction is not screened.  
 
3.3 Effect of electron doping on ferroelectric instability in BaTiO3 
We explore the charge carrier doping effect on ferroelectricity using density functional 
calculations along with phenomenological modeling based on screened long-range 
Coulomb interactions and the short-range bonding and repulsion effects. By considering a 
prototypical ferroelectric material, BaTiO3, we demonstrate that ferroelectric 
displacements are sustained in electron doped BaTiO3 up to a critical concentration of 
0.11 electron per unit cell volume, thus revealing that the ferroelectric phase and 
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conductivity can coexist. Our investigations show that the ferroelectric instability 
requires only a short-range portion of the Coulomb force with an interaction range on the 
order of the lattice constant.  
Our calculations employ density functional theory (DFT) implemented in the 
plane-wave pseudopotential code QUANTUM-ESPRESSO [91]. The exchange and 
correlation effects are treated within the local-density approximation (LDA). The electron 
wave functions are expanded in a plane-wave basis set limited by a cut-off energy of 
600eV. 14×14×14 and 24×24×24 Monkhorst-Pack k-points meshes are used for structural 
relaxation and density of states (DOS) calculations respectively. The self-consistent 
calculations are converged to 10-5 eV/u.c. The atomic positions are obtained by fully 
relaxing the lattice and all the ions in the unit cell until the Hellmann-Feynman force on 
each atom became less than 5 meV/Å. The electron doping in BaTiO3 is achieved by 
adding extra electrons to the systems with the same amount of uniform positive charges 
in the background. For the undoped tetragonal BaTiO3, our calculation gives the lattice 
constant a = 3.933Å and c/a = 1.015, polarization P = 28.6 µC/cm2, and Ti-O and Ba-O 
relative displacements of 0.113Å and 0.091Å respectively, consistent with previous LDA 
calculations [2].  We note that effects of carrier doping on polarization of BaTiO3, which 
includes both the ionic and electronic contributions, cannot be calculated using the Berry 
phase method [14]. Therefore, in this Letter we focus on analyzing the ionic ferroelectric-
like displacements and the phonon frequency of the soft mode. 
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Figure 3.3 The density of states (DOS) of BaTiO3 for electron doping concentration n = 
0.0, 0.05, 0.1 and 0.2 e/u.c. The shaded plot is the DOS of undoped BaTiO3. The vertical 
dashed line denotes the Fermi energy. The inset shows the Thomas-Fermi screening 
length λ as a function of n.   
 
Doping BaTiO3 with electrons pushes the Fermi energy, EF, to the conduction 
band and screens the electric potential of an ionic charge. Figure 3.3 shows the DOS of 
BaTiO3 for different electron doping concentrations n. A typical scale associated with  
screening is the screening length, λ, which depends on n. We estimate the screening 
length using the Thomas-Fermi model according to which 2/ ( )Fλ e D Ee= . Here D(EF) is 
the DOS at EF and ε is the dielectric permittivity of undoped BaTiO3 not associated with 
the spontaneous polarization  which we assume to be 044ε ε≈ [92]. Undoped BaTiO3 (n = 
0) is an insulator so that D(EF) = 0 and hence λ is infinite. As n becomes larger, more 
conduction band states are populated (Figure 3.3), thus increasing D(EF) and reducing the 
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screening length. As seen from the inset in Figure 3.3, when n is raised up to 0.2 e/u.c. λ 
decreases down to about 4 Å.  
 
 
Figure 3.4 Ba-O and Ti-O relative displacements in BaTiO3 (a) and the ratio of out-of-
plane lattice constant c and in-plane lattice constant a (b) as a function of electron doping 
concentration n.   The dashed line indicates the critical value nc.  
 
Next we study the effect of screening due to electron doping on the ferroelectric 
displacements in BaTiO3. Figure 3.4(a) shows the calculated relative displacements 
between Ti and O, and Ba and O ions as a function of n. Surprisingly, we find that 
ferroelectric displacements hardly change with electron doping up to n as high as 
0.05e/u.c., and then decay very fast and vanish above the critical electron concentration 
nc = 0.11e/u.c. The c/a ratio of BaTiO3 under the increasing n, as shown in Figure 3.4(b), 
also displays a similar critical behavior as that of polar displacements. BaTiO3 transforms 
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from the tetragonal phase with c/a = 1.015 to the cubic phase with c/a = 1.0 at nc = 
0.11e/u.c. The critical doping concentration nc found from first-principles is consistent 
with the experimental result [38]. According to the inset in Figure 3.3 the critical electron 
concentration nc = 0.11e/u.c. corresponds to a screening length λc ≈ 5 Å. Therefore, we 
conclude that only the short-range Coulomb forces with the interaction range comparable 
to the lattice constant are responsible for maintaining ferroelectric instability in BaTiO3. 
 
 
Figure 3.5 Occupation numbers for Ti-3d and O-2p orbitals as a function of electron 
concentration n. O1 (O2) correspond to O atoms lying in (off) the TiO2 plane.  
 
Since changes in hybridization with doping can also affect the ferroelectric 
displacements, we calculate the occupation numbers Nd for the Ti-3d orbitals 
( 2 2 2 ,3 , 3 , 3 , 3xy xz yzz x yd d d d− ) and Np for the O-2p orbitals of BaTiO3 for different n. These 
occupations reflect the degree of hybridization between Ti-3d and O-2p orbitals. As seen 
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in Figure 3.5, Nd decreases and Np increases very slowly with increasing n, so that their 
change is very small when n is altered from 0 to nc = 0.11e/u.c. This suggests that the 
changes in hybridization with doping are negligible. Thus, the dominant mechanism 
contributing to the ferroelectric critical behavior in n-doped BaTiO3 is the screening of 
Coulomb interactions.  
This assertion is further confirmed through our calculations of p-doped BaTiO3. 
Adding holes in BaTiO3 places the Fermi energy in the valence band that is largely 
determined by the O-2p orbitals. This is different from the n-doped BaTiO3, where the 
EF lies in the conduction band built up of the Ti-3d bands. Despite this difference in the 
bands involved, we find that the p-doped BaTiO3 demonstrates a similar critical behavior 
of ferroelectric displacements with a critical hole concentration pc ≈ 0.12 e/u.c. We note 
that previous theoretical studies of the hole doping of BiFeO3 predicted a possibility of 
enhanced ionic off-centering in this material [93]. We did not find such a trend in our 
calculations of p-doped BaTiO3. 
The signature of the ferroelectric phase transition can also be seen from the 
softening of the phonon mode in the paraelectric phase when approaching the critical 
point with the frequency becoming imaginary in the ferroelectric phase [73]. To confirm 
the phase transition at the critical concentration we have performed phonon calculations 
within the density functional perturbation theory, as implemented in QUANTUM-
ESPRESSO. In these calculations we consider cubic BaTiO3 with the lattice constant 
fully relaxed. Figure 3.6 shows the lowest frequency of the triple degenerate phonon 
mode at the Γ point as a function of electron concentration n, along with the relative 
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cation-anion displacements. We see that the frequency remains imaginary up to an 
electron concentration as high as 0.11e/u.c. and becomes real above this critical 
concentration. This critical behavior of the ferroelectric instability is echoed by the 
cation-anion displacements in cubic BaTiO3 shown in this figure [Figure 3.6]. 
 
 
Figure 3.6 Cation-anion (M-O) displacements and phonon frequency of the soft mode at 
the Γ point in cubic BaTiO3 as a function of electron concentration. Negative sign of 
frequency indicates an imaginary value of the frequency. 
 
To further understand the critical behavior of ferroelectricity due to the screening 
of Coulomb interactions, we have developed a physically realistic model explicitly 
including the screening effect.∗ We consider a 3-dimensional lattice of ions in the cubic 
perovskite structure. In the Thomas-Fermi approximation each ion is shrouded by an 
exponentially decaying screening charge density with screening length λ. The analytical 
∗ The details of our model will be given in Section 3.4. 
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form of the Coulomb interaction energy wij between two screened point charge qi and qj 
at locations ri and rj, respectively, is (| - |) ( )ij i j i jw r r q q w d= , where: 
( )
0
1 /1
4 2
d dw d = e
πε d
λ
λ
  −− 
 
                                                   (1) 
and i jd = −r r  is the distance between the two ions. The factor ( ) /1 / 2 d λd λ e−− in Eq. (1) 
is the distance and screening length dependent coefficient, which reflects the effect of 
screening and converges to 1 as λ → ∞ .  The electrostatic energy per unit cell is given 
by a lattice sum over all interaction terms of the form (1): 
( )
5
1
1
2
'
i j i j
i, j=
W = q q w − +∑∑
R
r r R                                               (2) 
where R = a (mx, my, mz) are lattice vectors with the m running over all integers. The 
prime sign on the summation in Eq. (2) indicates that for the R = 0 terms, i = j should be 
excluded to avoid self-interactions and the factor of ½ takes care of double counting. The 
summation in Eq. (2) is performed in the spirit of an Ewald sum.  
In addition to the the long-range electrostatic energy, short range Ba-O, O-O and 
Ti-O interactions are also included. These short range interactions are described by 
Lennard-Jones potentials 7 60 0 0[( / ) 2( / ) ]E R r R r− , along with a O-Ti-O three body 
potentials described by 22 0( ) / 2,k θ θ−  as parameterized in Ref. [94]. The potential 
parameters are fitted to obtain the same Ba-O and Ti-O displacements in undoped 
BaTiO3 as those obtained from our DFT calculation. All the parameters of the model, 
except λ, were then fixed throughout the calculation.  
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Figure 3.7 Cation-anion relative displacements (in relative units) in cubic BaTiO3 as 
predicted by the phenomenological model (solid line) and DFT calculation (open 
symbols). The latter are the same as those in Figure 3.6 (open circles) but plotted versus 
λ/λc according to the Thomas-Fermi relationship between λ and n given in the inset of 
Figure 3.3. The inset shows the total energy versus polarization (in relative units) for 
different values of λ, as follows from the phenomenological model.    
 
The total energy of undoped BaTiO3 obtained by adding all the energies 
described above yields a typical potential [2] with minima at two non-zero polarizations, 
as seen from the inset in Figure 3.7. As the electron screening length λ begins to decrease 
with increasing doping, these minima drop in energy slowly in the beginning. When λ 
approaches the critical value of λc, the two wells become shallower quite rapidly. For λ < 
λc, the wells merge into a single well at P = 0 indicating a transition to the paraelectric 
phase. The critical value obtained from the model, λc ≈ 5.3Å, is consistent with that 
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obtained from the Thomas-Fermi estimate based on our DFT calculations. Figure 3.7 
shows M-O displacements versus the normalized screening length. It is seen that the 
critical behavior predicted by our model (solid line) is in agreement with the results of 
our DFT calculation (open circles). Thus, our phenomenological model confirms the fact 
that only a short range portion of the Coulomb interaction is needed to sustain 
ferroelectric displacements.  
The coexistence of the ferroelectric phase and conductivity is very interesting for 
device applications because such a conducting bistable material has new functionalities. 
Although in such a material an external electric field induces a flow of electric current 
which makes switching of the ferroelectric displacements difficult, resistive materials 
may sustain the coercive voltage. For example, ferroelectric tunnel junctions are 
switchable despite the current flowing across them [95]. Furthermore, ferroelectric 
switching can be realized by the applied voltage which rises sufficiently fast in time. A 
recent prominent example is the resistive switching behavior of semiconducting 
ferroelectric BiFeO3 [96]. Also, there exist means to switch ferroelectrics with no applied 
voltage [97]. Doped ferroelectrics may have implications in magnetoelectric devices 
where the interface magnetization is affected by the ferroelectric polarization charge 
[25, 98]. 
 
3.4 A phenomenological model 
3.4.1 Interaction energy between two screened ions 
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In the Thomas-Fermi approximation each ion is shrouded by an exponentially decaying 
screening charge distribution with screening length λ. Therefore the potential at r 
generated by a point ion charge at ri is 
 ( )
/
04
i
i
i
q e λφ
πe
− −=
−
r rr
r r .                                                 (3) 
We can rewrite this in terms of the Fourier transform of a screened point charge as 
 ( )
( )
( ) ( ) 332
iii
i
q k e dφ φ
π
⋅ −= ∫ k r rr k .                                             (4) 
The screened Fourier transform is ( ) ( ) ( )0 /k k kφ φ e=  , where ( )0 kφ  is the Fourier 
transform of the potential of a bare ion with unit charge, 
 ( )0 2
0
1k
k
φ
e
= ,                                                               (5) 
and ( )ke  is the Thomas-Fermi dielectric function, 
 ( ) 2 2
11k
k
e
λ
= + .                                                                (6) 
The total screened charge density of this ion is obtained from the Poisson equation as 
 ( ) ( )
( )
( ) ( )2 2 30 0 32
iii
i i
q k k e dρ e φ e φ
π
⋅ −= − ∇ = ∫ k r rr r k .                     (7) 
Given a screened point charge qj at rj the work required to bring in another screened 
point charge qi from infinity to ri is  
 ( ) ( ) ( ) 3ij i j i jw dρ φ− = ∫r r r r r .                                       (8) 
Rewriting this integral in terms of the Fourier expressions we obtain 
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 ( )
( )
( ) ( ) ( ) ( )2 3 3 30 62
ji iii j
ij i j
q q
w k k e k e d d de φ φ
π
′⋅ −⋅ − ′ ′− = ∫ ∫ ∫
k r rk r rr r k k r  .                (9) 
Therefore, the interaction energy between screened ions i and j separated by distance 
i jd = −r r  can be represented as ( ) ( )ij i j i jw = q q w d−r r  , where 
   ( ) /
0
1 1
4 2
ddw d = e
πε d
λ
λ
− − 
 
                                            (10)             
which converges to  the bare Coulomb potential as  λ → ∞ . 
 
3.4.2 Evaluation of total electrostatic energy 
The electrostatic energy per unit-cell required to construct the crystal is given by a lattice 
sum over all interaction terms of the form (10): 
 ( )
5
'1
2
, 1
i j i j
i j
W q q w
=
= − +∑ ∑
R
r r R                                         (11) 
Here R = a (mx, my, mz), are the lattice vectors with the m running over all integers. The ′ 
on the summation over i, j in (11) indicates that for the R = 0 terms, i = j should be 
excluded to avoid self-interactions and the factor of ½ takes care of double counting. 
For large λ, evaluating (11) via “brute force” summation in real space by 
truncating those terms with |R| > Rmax is untenable. In the spirit of an Ewald sum, we 
break up w(d) into two terms: a long range term, wL(d), which is amenable to summation 
over a reasonably small number of Fourier terms, and a short range term, wS(d), which 
dies off quickly in real space and therefore is amenable to a reasonably small Rmax, e.g. 
encompassing only one or two unit-cells. 
Explicitly, the Fourier transform of w(d) in (10) is given by  
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 ( ) ( ) ( )
4 2
22
0 22 2
0 1
kw k k k
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λe φ
e λ
= =
+

 .                                (12) 
The short range contribution to w(d) comes from Fourier terms with large k. Indeed for 
large k, (12) falls off only as 1/k2, which gives rise to the singularity in w(d) at d = 0. To 
attenuate these large k contributions out of the Fourier transform, and in order to find the 
long range contribution wL(d) to w(d), we multiply (12) by a Gaussian attenuation factor: 
 ( ) ( ) ( )
2 2 2 2
4 2
22 2
0 1
k k
L
kw k w k e e
k
σ σηλη
e λ
− −= =
+
  .                        (13) 
Here η is an as-yet-to-be-determined scaling factor which gives us another degree of 
freedom to optimally localize the short-range term (more details below) and σ is a 
Gaussian broadening factor roughly corresponding to an effective length of the short-
range interaction, which needs to be chosen judiciously to minimize the error between the 
true expression for w(d) and the approximate wS(d) + wL(d). Fourier transforming (13) 
we find  
 ( )
( )
( ) ( )
( )
2 24
3 3
3 22 2 2
0 0
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22 1
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L L
e kd
w d w k e d k dk
d k
σηλ
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∫ ∫k d k                  (14) 
The short-range contribution wS(d) is obtained straightforwardly: 
 ( ) ( ) ( )S Lw d w d w d= −                                                      (15) 
Using (14), the leading order terms of ws as d tends toward infinity we obtain 
     
( )
( ) ( )2 2 2 2 2 2 2 2/ 2 / 2 / 2/ / /4
2 3/2 2
0 0 0
1
8 4 2
d d d
S
e e e
w d e e e
d d
σ λ σ λ σ λ
λ λ σ
η σ η λ η λ ησ
πλe λ πe π e
− − −
− + −
→ ∞ ≈ − +
(16) 
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By choosing η so that the first term in (16) is zero, we obtain: 
 
2 2/e σ λη −=                                                                      (17) 
Using (17), the full expressions for wS(d) and ( )Lw k are given by 
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(18) 
Now we return to (11) and approximate it in terms of the long and short range 
Ewald contributions: 
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      (19) 
Since we have removed the singularity at d = 0 from wL(d), we can rewrite WL without 
the ′ by subtracting away the terms for i = j when R = 0 which sum to give rise to the 
self-interaction term 
 ( )
5
21
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0self i L
i
W q w
=
= ∑                                                     (20) 
where 
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Writing wL in its Fourier transform, WL expressed in reciprocal space can be derived as 
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where we have defined the structure factor 
 ( )
( )5
, 1
i ji
i j
i j
S q q e ⋅ −
=
= ∑ G r rG                                          (23) 
and G are the reciprocal lattice vectors: G = (2π/a)(nx, ny, nz), where the n runs over all 
integers up to a maximum cut-off of Nmax. 
By matching the approximate electrostatic energy W′ to the true electrostatic 
energy W, which can be calculated via brute force for a few representative structures and 
screening lengths,  we find a maximum error less than 0.1meV for Nmax = 7 and σ = 0.6 
Å. 
 
3.5 Conclusions 
In conclusion, using first-principles calculations and a phenomenological model we have 
demonstrated that ferroelectric displacements are well preserved in doped BaTiO3 until 
the doping concentration exceeds a critical value of nc = 0.11e/u.c. This critical behavior 
is due to the electron screening of the Coulomb interactions responsible for the 
ferroelectric instability. The critical screening length is found to be surprisingly small, 
about 5Å, demonstrating that the “short range” Coulomb interactions are sufficient to 
lead to collective ferroelectric displacements. This value may be considered as a 
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qualitative estimate for a lower limit for the critical size of ferroelectricity in BaTiO3 of a 
few unit cells. Our results provide a new insight into the origin of ferroelectricity in 
displacive ferroelectrics and open opportunities for using doped ferroelectrics in novel 
electronic devices. 
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Chapter 4  Ferroelectrically controlled interface 
resistance 
 
Ferroelectric polar displacements have recently been observed in conducting electron-
doped BaTiO3 (n-BTO). Even through the coexistence of ferroelectric and metallic phase 
at high doping level is still debatable, it is clear that at low doping level ferroelectric 
phase is stable and exist as a single phase as pointed out in the previous chapter. The 
coexistence of a ferroelectric phase and conductivity opens the door to new 
functionalities that may provide a unique route for novel device applications. Using first-
principles methods and electrostatic modeling, we explore the effect that the switchable 
polarization of n-BTO has on the electronic properties of the SrRuO3/n-BTO (001) 
interface. Ferroelectric polarization controls the accumulation or depletion of electron 
charge at the interface, and the associated bending of the n-BTO conduction band 
determines the transport regime across the interface. The interface exhibits a Schottky 
tunnel barrier for one polarization orientation, whereas an Ohmic contact is present for 
the opposite polarization orientation, leading to a large change in interface resistance 
associated with polarization reversal. Our calculations reveal a five orders of magnitude 
change in the interface resistance because of polarization switching. 
 
4.1 Effect of ferroelectric on properties of interface 
 When two different materials are combined to form a heterostructure, atomic and 
electronic reconstruction at the interface makes properties of the heterostructure quite 
different from those of the constituting bulk materials. Novel properties such as 2DEG, 
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superconductivity, magnetism, etc. have been observed in heterostructures composed of 
oxide thin films.   Adding a ferroelectric polarization in the system results in enhanced 
functionalities and novel properties. These properties are, in particular, driven by the 
ferroelectric field effect where the polarization charge at the interface causes a depletion 
or accumulation of charge carriers at the interface. Properties of oxide thin films are very 
sensitive to the electron (hole) doping, and therefore one should expect a notable changes 
in the electronic, magnetic and transport properties of such interfacial materials. 
Especially interesting is the effect of reversal of ferroelectric polarization, which could 
lead to switchable properties of the interface. 
For example, when a ferroelectric is interfaced with a correlated electron oxide 
electrode material, the reversal of ferroelectric polarization modifies the electronic phase 
in the electrode and results in the TER effect in a ferroelectric tunneljunction 
[99, 100, 101]. The electronic and magnetic phases of a carrier-doped correlated-electron 
oxide are susceptible to the change of carrier density. The ferroelectric polarization tunes 
the charge density and therefore modifies the phase of the electrode near the interface. 
For a metal/ferroelectric/La1-xSrxMnO3 system, the interfacial phase transition induced 
TER was studied both theoretically and experimentally [99, 100, 101]. 
Another example, which is more relevant to the subject of this chapter, is the 
effect of ferroelectric polarization on a Schottky barrier. A Schottky barrier is formed at 
the metal-semiconductor interface due to the different work functions. When the interface 
is created, a charge transfer between the materials leads to a step in the electrostatic 
potential which is responsible for the Schottky barrier. In addition, the interface bonding 
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and the interface termination contribute to the electrochemical boundary conditions and 
thus affect the Schottky barrier height. If one of the two materials constituting the 
interface is ferroelectric the presence of the bound change at the interface inevitably 
affects the Schottky barrier height.  A change in the bound change due to reversal of 
ferroelectric polarization modifies the Schottky barrier.  Experimental evidence of the 
dependence of the Schottky barrier height on polarization has been provided by the 
electrically switchable diode and photovoltaic effects [102] and the TER effect in 
ferroelectric tunnel junctions [95]. Recently, an experimental method using photoelectron 
spectroscopy to measure the Schottky barrier height was reported [103]. 
 
4.2 Ferroelectrically switchable Schottky barrier 
The presence of conductivity in a ferroelectric material provides another possibility to 
control the Schottky barrier. For example, in a 1994 experiment, Blom and collaborators 
found bistable conduction characteristic of a p-type semiconducting PbTiO3 sandwiched 
between Au and LaSrCoO3 layers, resulting in an on/off resistance ratio of about 100 
[28]. Assuming that the Schottky barrier height is fixed, they explained this behavior by a 
change in the Schottky barrier width with reversal of ferroelectric polarization. This 
assumption of fixed Schottky barrier explains qualitatively the switchable resistance of 
metal/ferroelectric heterojunction but ignores the fact that the screening change is 
different for opposite ferroelectric polarization. The screening charge at the interface 
inevitably influences the height of the Schottky barrier. Recently, switchable rectification 
and ferroelectric photovoltaic effects were observed in a n-type ferroelectric 
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semiconductor BiFeO3. This behavior was explained by ferroelectric polarization driving 
a transition from Schottky to Ohmic contact at the interface [39, 41]. 
 
4.3 Polariztion-controlled Ohmic to Schottky transition at metal/ferroelectric 
interface 
 
 
Figure 4.1 Polarization controlled band alignment at in the interface between a metal (M) 
and electron-doped ferroelectric (n-FE). Arrows indicate the polarization direction. (a) 
Polarization pointing away from the interface leads to electron depletion, pulling the n-
FE conduction band upward. (b) Polarization pointing into the interface leads to electron 
accumulation, pushing the n-FE conduction band down. In the case shown here, 
polarization reversal leads to a transition from a Schottky tunnel barrier (a) to an Ohmic 
contact (b) between M and n-FE. 
 
Driven by these developments we explore the effect of polarization on the transport 
regime across the interface formed between an oxide metal and a doped ferroelectric, 
using density-functional methods and electrostatic modeling. We predict, from first-
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principles, a switchable potential barrier driven by the accumulation or depletion of 
screening charge at the interface in response to ferroelectric polarization reversal. We 
demonstrate a ferroelectrically-induced change from the Ohmic transport regime, where 
interface conductance is metallic, to the Schottky regime, where a tunneling barrier is 
formed at the interface, as depicted in Figure 4.1. This switching leads to a five orders of 
magnitude change in the interface resistance, and therefore demonstrates interesting 
potential for device applications. 
 
4.3.1 Atomic and electronic structure 
We explore the polarization controlled contact by considering an epitaxial interface 
between a metallic oxide, SrRuO3, and electron doped BaTiO3 (n-BaTiO3). First-
principles calculations are performed using the plane-wave pseudopotential code 
QUANTUM ESPRESSO [91], where the exchange and correlation effects are treated 
within the local-density approximation (LDA). We assume that the doping of n-BaTiO3 
is 0.06 e/formula unit (f.u.), which is realized by the virtual crystal approximation applied 
to the oxygen potentials in BaTiO3 [104]. For this doping (n ≈ 1.9×1021 cm-3), the 
ferroelectric displacements remain sizable, being about 70% of those in the undoped 
BaTiO3 as is shown in Chapter 3.  The calculations are performed using periodic 
boundary conditions on a supercell constructed of 15.5 u.c. of BaTiO3 and 10.5 u.c. 
SrRuO3, as shown in Figure 4.2. We consider a SrO/TiO2 interface termination at the  
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Figure 4.2 Relative z-displacement between cation (M) and anion (O) on each atomic 
layer of the SrRuO3/n-BaTiO3 supercell. Light squares are for BO2 layers (B = Ti or Ru) 
and dark squares are for AO layers (A = Ba or Sr). A positive displacement indicates that 
polarization is pointing to left, as shown by the arrow. The left half of the supercell 
corresponds to the contact with polarization pointing into the metal, while the right half 
of the supercell corresponds to the contact with polarization pointing out of the metal, as 
in Figure 4.1. The solid curve shows the polarization profile obtained from the 
electrostatic model.   
 
SrRuO3/n-BaTiO3 (001) interface, which is experimentally found to be more stable, as 
compared to the RuO2/BaO interface [43].  We assume the same SrO/TiO2 terminations 
at both interfaces in the supercell, which allows us to study the effect of polarization 
reversal at a given interface by comparing the properties of the two interfaces in the 
supercell for a single polarization orientation. To simulate coherent epitaxial growth on a 
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(001)-oriented SrTiO3 substrate we constrain the in-plane lattice constant of the supercell 
to be the calculated LDA lattice constant of cubic SrTiO3, a = 3.871Å. Using the same 
approach we used in Chapter 2, we perform full relaxation of the internal z-coordinates 
and overall c/a ratio of the supercell. 
Figure 4.2 shows the layer-resolved metal-oxygen (M-O) relative z-displacements 
across the supercell, where positive displacements indicate polarization pointing to the 
left. Thus, the left interface corresponds to the contact with n-BaTiO3 polarization 
pointing into the SrRuO3 metal, while the right interface corresponds to n-BaTiO3 
polarization pointing away from the SrRuO3. In the middle of the supercell, n-BaTiO3 
exhibits bulk-like polar displacements. At the right interface, however, the M-O 
displacements drop sharply, while at the left interface they remain nearly constant (even 
slightly enhanced). This behavior is consistent with electric field profile resulting from 
the competition between screening, polarization charges and the built-in dipole layer at 
the two interfaces, as described in the electrostatic modeling discussed later. 
 
Figure 4.3 shows the calculated layer-resolved density of states (DOS) on the 3d-
Ti orbital across the n-BaTiO3. It is seen that at the left interface the conduction band 
minimum (CBM)∗ lies below the Fermi energy, implying that for polarization pointing 
toward the SrRuO3 metal the contact is metallic (Ohmic). On the other hand, for three 
TiO2 monolayers at the right interface the conduction band minimum lies above the 
∗ The CBM is determined by first calculating the energy difference between the semi-core O 2s-states and 
the CBM of bulk n-BTO. This energy difference is then used to determine the layer dependent CBM of n-
BTO in the heterostructure. The CBM positions determined in this way are in excellent agreement with the 
layer-resolved DOS (compare circles with the filled curves in Figure 4.3). 
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Fermi energy. This implies that for polarization pointing away from the SrRuO3 metal 
the contact exhibits a Schottky barrier. The height of this barrier is about 0.4eV and the 
width is about 1nm. 
 
 
Figure 4.3 Layer-resolved density of states (DOS) on the 3d-Ti orbital across n-BaTiO3 
(filled curves). Open circles show the conduction band minimum (CBM) obtained as 
described in the text. The solid curve shows the calculated CBM from the electrostatic 
model. 
 
The major features of the conduction band minimum (Figure 4.3) and polarization 
(Figure 4.2) profiles of n-BTO can be captured by a continuum electrostatic model, as  
described in the Section 4.4. The effects of the SrRuO3 electrodes are incorporated by 
interfacial boundary conditions on the n-BTO layer assuming (i) a linearized Thomas-
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Fermi screening length λ and relative dielectric constant ε for SrRuO3 and (ii) an 
electrostatic potential step going from n-BTO to SrRuO3, ΔV, representing the built-in 
interface dipole, assumed to be the same at both interfaces. The polarization is modeled 
in the linear response regime, P(x) = χε0E(x) + P0, where P0 is the polarization of bulk n-
BTO in the absence of applied fields and χ is the linear dielectric susceptibility of the 
ferroelectric in response to the local electric field E(x). The local electron density in n-
BTO, n(x), is determined self-consistently with the potential by incorporating the local 
density of states of the conduction band, which is taken from calculations of bulk n-BTO, 
only shifted by the local potential, –eφ(x). 
We solve the Poisson equation numerically and fit the results to the CBM profile 
in Figure 4.3 using λ, ε, ΔV, χ and P0 as adjustable parameters. The resulting profile for 
the polarization and CBM are plotted alongside the first-principles results in Figures 4.2 
and 4.3, respectively, with λ/ε = 0.16 Å, ΔV = 0.8 V, χ = 55 and P0 = 32 μC/cm2 
providing the best fit. 
Next, we explore the electronic structure of n-BaTiO3 in the supercell as a 
function of transverse wave vector k ||. In Figure 4.4 we plot the k ||-resolved DOS at the 
Fermi energy for each TiO2 atomic layer in n-BaTiO3. Here we number the TiO2 layers 
from 1 to 16 with layer 1 located at the left interface and layer 16 located at the right 
interface.  
The Fermi surface of bulk n-BaTiO3 is an open tube oriented along the z direction, 
with a z-dependent modulation of the radius (see Figure 4.5). The projection of the bulk 
Fermi surface on the x-y plane is a slightly distorted ring, as shown in Figure 4.5(b) and  
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Figure 4.4 k||-resolved local density of states in the SrRuO3/n-BaTiO3 heterostructure, 
calculated at the Fermi energy for each atomic TiO2 layer, numbered from the left to 
right interfaces corresponding to Figure 4.2. 
 
4.6(a), whose inner and outer radii indicate the minimal and maximal radius of the tube. 
When n-BaTiO3 is placed between SrRuO3 layers its Fermi surface changes. Comparing 
Figure 4.4 to the k ||-resolved DOS for bulk n-BaTiO3 [Figure 4.6(a)], we see that in the 
middle of the supercell, e.g. for layer 7 in Figure 4.4, the k ||-resolved DOS appears as a 
ring similar to that for bulk n-BaTiO3. Closer to the left interface the ring is slightly 
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distorted, but qualitatively it remains similar to the bulk one. This is due to the layer-
dependent CBM remaining nearly flat at the left interface, as is evident from Figure 4.3. 
Only for interfacial layer 1 in Figure 4.4 we see a significant change in the k ||-resolved 
DOS which appears a disk at the Γ point. This feature is due to the up bending of the n-
BaTiO3 band for this interface layer (see Figure 4.3) and electron density induced by the 
adjacent SrRuO3. Thus, for polarization pointing to the SrRuO3 metal layer, the contact 
is nearly-metallic (Ohmic) and we expect an efficient transmission across it.∗  
 
          
Figure 4.5 (a) The Fermi surface of bulk n-BaTiO3 with n = 0.06 e/f.u. Polarization and 
transport is along z. (b) View of the Fermi surface along z showing the origin of the ring-
like distribution seen in Figures 4.4 and 4.7.  
 
This behavior changes dramatically for the right interface. The upward bending of 
the conduction bands seen in Figure 4.3 corresponds to a shrinking Fermi surface, as 
∗ We note a mismatch of the k||-resolved DOS between this interfacial layer and bulk n-BaTiO3 which 
creates a barrier for ballistically transmitted electrons. In practice, however, diffuse scattering will likely 
make this contact Ohmic.       
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reflected in the reduced radius of the ring in the k ||-resolved DOS (layers 9-12 in Figure 
4.4) and the transformation of Fermi surface from an open tube to a closed ellipsoid 
(states appear at Γ ). The ring disappears at the third TiO2 monolayer from the interface 
and the k ||-resolved DOS shows nil for layers 14-16. This is due to the CBM bending 
above the Fermi level. These three monolayers near the interface exhibit a gap for 
electron transport. Thus, for polarization pointing away from the SrRuO3 metal layer, the 
contact is of Schottky type and we expect a reduced transmission across it.  
 
4.3.2 Electronic transport 
To confirm our expectations regarding the electronic transport, we study the transmission 
across the SrRuO3/n-BaTiO3 (001) interface for two polarization orientations. The 
transmission is calculated using a general scattering formalism implemented in the 
QUANTUM ESPRESSO [91]. In the calculation we use the left interface and the right 
interface in the supercell (Figure 4.2) as separate scattering regions, each of which is 
ideally attached on one side to a semi-infinite SrRuO3 electrode and on the other side to a 
semi-infinite n-BaTiO3 electrode. These geometries correspond to the same SrRuO3/n-
BaTiO3 junction with polarizations pointing in the opposite directions as shown in Figure 
4.6. We assume perfect periodicity in the plane parallel to the interfaces so that the in-
plane component of the Bloch wave vector, k ||, is preserved for all single-electron states.  
Figures 4.7(c) and 4.7(d) show the calculated k ||-resolved transmission for 
polarization pointing to the SrRuO3 and away from the SrRuO3 respectively. The plots 
are limited to the region near the Γ  point where the transmission is non-zero. This region 
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is sampled using a uniform 51×51 k || mesh. The transmission distribution in the two-
dimensional Brillouin zone has a similar shape for the two polarization orientations. It 
originates from the overlap of the Fermi surface projections of bulk n-BaTiO3 and 
SrRuO3 shown in Figures 4.7(a) and 4.7(b), respectively. The striking feature is a huge 
difference in the transmission magnitude for two polarization orientations. We find that 
polarization switching leads to a change of five orders in magnitude of transmission. The 
associated interface resistances are 5.5×102 Ωµm2 for the Ohmic contact and 3.78×107 
Ωµm2 for the Schottky contact [105].  
 
 
Figure 4.6 The schematic of scattering regions of transport calculations. 
 
One of most important considerations in the study of transport phenomena across 
epitaxial interfaces is the matching of Fermi surfaces. The ferroelectric displacements in 
n-BaTiO3 lead to an interesting Fermi surface due to the breaking of cubic symmetry. In 
cubic (i.e. non-polar) BaTiO3, the conduction band consists mainly of Ti d-states which 
are split by the octahedral crystal field of the oxygen cage into an upper doublet of eg  
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Figure 4.7 k||-resolved density of states at the Fermi energy in bulk n-BaTiO3 (a) and 
SrRuO3 (b) and ballistic transmission across the SrRuO3/n-BaTiO3 junction with 
polarization pointing to the SrRuO3 – Ohmic contact (c), and polarization pointing away 
from the SrRuO3 – Schottky contact (d).  
 
states and a lower triplet of t2g states. The latter form the states around the conduction 
band minimum. The onset of polarization (i.e., off-centering of the Ti ions) leads to a 
splitting of the t2g states into an upper doublet of dzx and dzy and a lower singlet of dxy. 
Therefore, when electron-doped, the free carries fill states of primarily dxy character. 
States with dxy character are essentially two-dimensional, with stronger coupling in the x-
y plane than along the polarization axis, z. This gives rise to large band-dispersion in the  
plane and weak dispersion out of the plane, leading to the tube-like Fermi surface, shown 
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in Figure 4.5, for n = 0.06 e/f.u and the ring-like distributions shown in Figures. 4.4 and 
4.7. 
 
                 
Figure 4.8 (a) The Fermi surface of bulk SrRuO3 strained in the x-y plane with c/a = 1.03, 
corresponding to epitaxy with an SrTiO3 substrate. (b) View of the Fermi surface along z 
showing the origin of the cross-like distribution seen in Figure 4.7(b). 
 
The Fermi surface of bulk SrRuO3, plotted in Figure 4.8, is significantly more 
complicated. Given the relatively limited span of the Fermi surface of n-BaTiO3 (Figure 
4.5(b)), however, the relevant features of the SrRuO3 Fermi surface are limited to the 
cross-like region in the small range around the Γ¯ point (see Figure 4.8(b)). The projection 
of these states onto the x-y plane give rise to the cross features shown in Figure 4.7(b), 
and their overlap with the Fermi surface of n-BaTiO3 determine the shape of the 
transmission distributions in Figure 4.7(c-d). The tetragonal structure arising from the 
epitaxial strain gives rise to the opening of several Fermi sheets along the z direction. 
4.4 Electrostatic model 
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We now consider a layer of n-BTO from x = 0 to L bounded on the left and right by 
metallic SrRuO3 electrodes held in short-circuit boundary conditions. The electrodes 
were modeled by Thomas-Fermi screening length λ and relative dielectric constant ε, and 
therefore the potential follows the typical form 
( ) ( ) ( )// , x Lxl l r rx A e x A e λλϕ ϕ − −= =                                               (1) 
The potential inside the n-BTO, φ(x), must satisfy the Poisson equation  
( )
( )
2
0
2
0
( )
1
e n n x
x
ϕ
χ e
−∂
= −
∂ +
                                                      (2) 
where the first term on the right hand side corresponds to the uniform background density 
of n-type dopants, n0 = 0.06/ca2, and the second term corresponds to the occupied states 
in the conduction band. 
The local carrier density, n(x), is assumed to depend on x only through the local 
potential φ(x) and the local density of states of the conduction band, N(E + eφ(x)), where 
( )
0
0
0
0 c
c
E E
N E
N E E
 <
= 
>
                                                    (3) 
N0 is a constant which is determined by the nominal carrier concentration in the bulk, n0, 
and the position of the CBM with respect to the Fermi level, EF, calculated in bulk n-
BTO from first-principles: Ec0 = -0.33 eV. Therefore the average density of states is N0 = 
n0/|Ec0| and the local carrier concentration is 
( ) ( )( ) ( )( )
0
0
0
0
0 c F
F c
c F
E e x E
n x E E e x
N E e x E
ϕ
ϕ
ϕ
 − >= − + 
− <
                                 (4) 
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Eq. (2) is subject to boundary conditions which connect φ(x) to Eqs. (1) at x = 0 
and L. Al and Ar can be eliminated from these boundary conditions and the following 
conditions on φ(x) emerge: 
( ) ( ) ( )
( ) ( ) ( )
0
0
0
0
0 1 0 0
1 0,
PV E
PL V E L
λϕ χ
e e
λϕ χ
e e
 
+ ∆ + + + = 
 
 
+ ∆ − + + = 
 
                                        (5) 
where E(x) is the electric field in the n-BTO. Note that the electrodes enter the boundary 
conditions only through the ratio λ/ε. Equation (2) is solved numerically subject to the 
boundary conditions in (5), and the CBM is related to the potential as CBM = Ec0 – eφ(x). 
 
 
Figure 4.9 Profile of the CBM for various interface dipoles, ΔV (in eV), but using the 
same best fit values found for the other parameters of the model. 
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It is well known that the band gap calculated in density functional theory, 
especially in LDA, is underestimated (sometimes drastically) as compared to experiment. 
Therefore attempts to determine band offsets from first-principles calculations must be 
approached with care. In LDA we find a band gap of EgLDA = 1.8 eV for BaTiO3, 
whereas in experiment it is known that Egexpt = 3.2 eV. While little can be done for the 
LDA calculations to account for this issue, in our model we can make adjustments to 
correct for the band gap problem. 
The simplest correction we can make is to assume that, all else being equal, the 
CBM must lie higher in energy than what is predicted by LDA by a fixed difference ΔEg 
= Egexpt - EgLDA = 1.4 eV. This correction enters our model in the interface dipole 
parameter, ΔV. In our best fit to the LDA results we found ΔV = 0.8 V, and therefore 
corrections for the band gap will increase this value possibly up to 0.8 V + 1.4 V = 2.2 V. 
In Figure 4.9 we plot the CBM profile across the junction for several values of ΔV, with 
all other parameters of the model held fixed at those of the best fit to the LDA data.  
Comparing the left and right interfaces, we see that for ΔV > 1.2 V that there is a 
crossover from Ohmic to Schottky transition with polarization reversal to the interface  
always being of Schottky type, but with a significant difference between Schottky barrier 
height (SBH) and width (w) depending on the polarization orientation. These differences 
are further clarified in Figure 4.10 where we plot the dependence of the interface barrier 
on ΔV for both polarization orientations. It is clear that the change in SBH with 
polarization reversal is roughly constant over a broad range of ΔV, and even increases for 
larger ΔV. Therefore we expect that our prediction of a significant change in interface 
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resistance with polarization reversal is quite robust and independent of the deficiencies of 
LDA to properly predict band alignments. 
 
 
Figure 4.10 Dependence of the Schottky barrier width (w) and height (SBH) on the 
interface dipole, ΔV, for the two polarization orientations. We use the same values found 
for the best fit to the LDA results for the other parameters. Negative values of SBH 
correspond to an Ohmic contact, where w = 0. 
 
4.5 Conclusions 
We have shown that the polarization driven accumulation or depletion of free carriers at 
the SrRuO3/n-BaTiO3 (001) interface alters the transport regime across the interface from 
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metallic to tunneling. We find that polarization switching leads to a five orders of 
magnitude change in the interface resistance. We hope that the predicted polarization 
controlled Ohmic to Schottky transition at the metallic oxide/doped ferroelectric interface 
will stimulate experimental investigations. 
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Chapter 5  Ferroelectrically controlled spin polarization 
 
Spin injection is one of the key phenomena exploiting the electron spin degree of 
freedom in electronic devices [106]. A critical parameter that determines the efficiency of 
spin-injection is the degree of spin polarization carried by the current. Efficient spin 
injection into metals has been commercially employed in today’s magnetic read heads 
and magnetic random access memories through the tunneling magnetoresistance effect in 
magnetic tunnel junctions. There is considerable current interest in the area of spin 
injection into semiconductors [107, 108, 109, 110, 111, 112]. Recent developments in 
the field have demonstrated the possibility of efficient spin-injection and spin-detection 
in various electronic systems [113, 114]. All the above results rely however on a “passive” 
spin injection where the degree of transport spin polarization is determined by the spin 
polarization of the injector and the detector, and the electronic properties of the interface. 
Adjustable spin injection with a controllable degree of spin polarization would be 
appealing from the scientific point of view and useful for applications in future spintronic 
devices. 
Electric-field control of spin-dependent properties has become one of the most 
attractive phenomena in modern materials research due to the promise of new device 
functionalities. One of the paradigms in this approach is to electrically toggle the spin 
polarization of carriers injected into a semiconductor using ferroelectric polarization as a 
control parameter. Using first-principles density functional calculations, we explore the 
effect of ferroelectric polarization of electron-doped BaTiO3 (n-BaTiO3) on the spin-
polarized transmission across the SrRuO3/n-BaTiO3 (001) interface. Our study reveals 
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that, in this system, the interface transmission is negatively spin-polarized and that 
ferroelectric polarization reversal leads to a change in the transport spin polarization from 
-65% to -98%. We show that this effect stems from the large difference in Fermi wave 
vectors between up- and down-spins in ferromagnetic SrRuO3 and a change in the 
transport regime driven by ferroelectric polarization switching in n-BaTiO3. Analytical 
model calculations demonstrate that this is a general effect for ferromagnetic-
metal/ferroelectric-semiconductor systems and, furthermore, that ferroelectric modulation 
can even reverse the sign of spin-polarization. The predicted sizeable change in the spin 
polarization provides a non-volatile mechanism to electrically control spin injection in 
semiconductor-based spintronics devices. 
 
5.1 Spin dependent tunneling 
The study of spin-dependent tunneling started with the experiment of Tedrow and 
Meservey [115, 116]. They studied a ferroemagnet/insulator/superconductor junction, 
where the superconductor performs as a detector. The tunneling spin polarization is 
defined as: 
G G
P
G G
↑ ↓
↑ ↓
−
=
+
                                                                 (1) 
where, G↑ and G↓  are conductance of majority- and minority- spin respectively. In this 
experiment, P is determined by measuring the resistivity of majority- and minority-spin.  
First, the tunneling spin polarization was interpreted in terms of  the spin 
polarization of the density of state (DOS) of the ferromagnet at the Fermi energy based 
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on the assumption that spin conductance  is proportional to DOS ρ↑ for the majority-spin 
electrons and is proportional to DOS ρ↓  for the minority-spin electrons, 
FMP
ρ ρ
ρ ρ
↑ ↓
↑ ↓
−
=
+
 .                                                               (2) 
However, the predicted value of spin polarization FMP based on Eq. 2 and 
measured spin polarization P are not consistent with each other.  Even in some cases, the 
predicted FMP is negative while the measured P  is positive [117]. 
Later, Stearns noticed that the electronic structure of a ferromagnet plays an 
important role in spin polarization [118]. A model given by Stearns took into account the 
bands structure of the ferromagnet. This model assumes that only itinerant electrons of 
dispersive bands dominate the tunneling. The DOS of the dispersive bands at the Fermi 
level is proportional to their Fermi wavevectors as in the case of a free electron model. 
Then the spin polarization is given by 
FM
k kP
k k
↑ ↓
↑ ↓
−
=
+
                                                            (3) 
Where k↑  and k↓ are the Fermi wavevectors of the dispersive bands for the majority and 
minority spins. 
This model has also its inconsistency, since conductance not only depends on 
DOS but also on tunneling probability. Based on tunneling effect in quantum mechanics, 
the transmission is not a linear function of the wavevector. Therefore, the conductance is 
not proportional to the wavevector or the density of states at the Fermi energy.  
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A more accurate theoretical description of the transport spin polarization is given 
by Slonczewski, where the effect of tunneling barrier is taken into account [119]. In a 
free-electron approximation, for a system with two ferromagnetic conductors separated 
by nonmagnetic tunneling barrier, he solved the Schrödinger equation and determined the 
spin polarization as: 
2
2
k k k kP
k k k k
k
k
↑ ↓ ↑ ↓
↑ ↓ ↑ ↓
− −
=
+ +
                                                           (4) 
Where k is the decay constant of the wave function into the barrier which is determined 
by the potential barrier height U , ( )( )22 Fm U Ek = − . 
 
 
Figure 5.1 Spin polarization of the tunneling conductance as a function of the normalized 
potential barrier height for various values of k↑/k↓. From ref. [119] 
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Here, it is clear that the spin polarization is not an intrinsic property of 
ferromagnet but is influenced by the whole system including the barrier. In the case of a 
high barrier, k is large, and the Slonczewski model reduces to Stearns’ model. However, 
when the barrier is not very high, the effect of the barrier must be taken into account spin. 
From Figure 5.1 we can see the dependence of spin polarization on barrier height. The 
magnitude of the spin polarization even changes sign for low barrier. 
As we showed in chapter 4, reversal of ferroelectric polarization results in 
dramatic change of the Schottky barrier of a ferromagnetic/n-ferroelectric heterojunction. 
Based on Slonczewski model, we will show in this chapter that the reversal of 
ferroelectric polarization dependent Schottky barrier leads to a dramatic change of spin 
polarization and even changes the sign. 
 
5.2 Spin injection into semiconductor 
Spin injection is an important method to generate nonequilibrium spin polarization [120]. 
There are two basic methods used today for spin injection: optical spin injection and 
electrical spin injection. Here we give brief introduction of the electrical method for spin 
injection 
The current through an interface of a heterojunction is a diffusive process and 
could be described by a diffusion equation: 
2 2( ) ( ) /sf D xµ µ τ µ µ↑ ↓ ↑ ↓− = ∂ − ∂                                          (5) 
where sfτ is the spin flip time constant and D  is the diffusion constant determined by 
Fermi velocity and electron mean free path. Near the interface, a splitting of the 
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electrochemical potentials is created for the two spin directions, and this splitting decays 
exponentially away from the interface, as is shown in Figure 5.2 [121, 122]. 
 
 
Figure 5.2 Position dependence of the potential differences 0µ µ↑ −  and 0µ µ↓ − near an 
F/N interface. ,F NΛ is spin-flip diffusion length. From ref. [121] 
 
When current flows from a ferromagnet into a normal metal, the spin-polarized 
carriers in the ferromagnet (F) contribute to the net current of magnetization entering the 
nonmagnetic (N) region and would lead to nonequilibrium magnetization Mδ which has 
a linear correlation with the difference of chemical potential of spin-up and spin-down:  
( ) Be Mµ µ µ δ χ↑ ↓− = ,                                               (6) 
Here e is the electron charge, Bµ is the Bohr magneton and χ is magnetic susceptibility. 
The detection of Mδ could be realized in a F1/N/F2 system. Mδ in N region results in a 
spin-coupled voltage, V∆ ,  between N and F2, which is proportional to Mδ , and 
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therefore the nonequilibrium magnetization could be measured experimentally by 
measuring V∆ [123, 124, 125]. Due to the spin relaxation, Mδ decreases from the 
interface into the nonmagnetic region which is characterized by the spin diffusion length 
as show in Figure 5.3.  
 
 
Figure 5.3 Schematic illustrations of the concept of electrical spin injection from a 
ferromagnet (F) into a normal metal (N). (a) schematic device geometry; (b) 
magnetization M as a function of position—nonequilibrium magnetization Mδ  (spin 
accumulation) is injected into a normal metal; (c) contribution of different spin-resolved 
densities of states to both charge and spin transport across the F/N interface. The unequal 
filled levels in the density of states depict spin-resolved electrochemical potentials 
different from the equilibrium value 0µ . From ref. [120] 
 
The efficiency of spin injection is affected strongly by the interface. The spin-
polarization of the injected current is given by [126, 127] 
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C C F F
c F N
R p R pP
R R R
+
=
+ +
                                                            (7) 
where C CC
C C
p σ σ
σ σ
↑ ↓
↑ ↓
−
=
+
, F FF
F F
p σ σ
σ σ
↑ ↓
↑ ↓
−
=
+
. Here, Cσ
↑ and Cσ
↓  are the interface conductivity for 
majority- and minority- spin respectively. Fσ
↑ and Fσ
↓ are the bulk conductivity of 
ferromagnetic region for majority- and minority- spin respectively. cR , FR and NR are 
effective resistance of interface, ferromagnetic and non-ferromagnetic region respectively.  
The resistance of semiconductor is quite a bit bigger than the resistance of metal 
ferromagnet N FR R>> . When the contact regime of interface is Ohmic, i.e. cR =0, 
1F
c
RP
R
≈ << . Therefore Ohmic contact is an obstacle for spin injection into the 
semiconductor due the conductance mismatch of ferromagnet and semiconductor. When
c FR R>> , the injected spin polarization is dominated by the effect of the interface,
CP p≈ [122]. From the definition, we know that Cp  is determined by wavevector and 
transmission coefficients of majority- and minority-spin electrons. Cp  in fact is given by 
Slonczewski’s model. The interface effect implies that introduction of tunneling barrier 
or Schottky contact is an effective method for spin injection [128]. 
 
5.3 Electric control of spin injection into a ferroelectric semiconductor 
Recently, experiment and theory have found that ferroelectric polarization can be used to 
control magnetization at all-oxide ferroelectric/ferromagnetic interfaces [24, 25]. Studies 
in such oxide systems reveal that proper engineering of the interface plays a crucial rule 
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in the manifestation of such novel phenomena [129]. Reversal of ferroelectric 
polarization provides a bistable mechanism to electrically control electronic systems and 
this characteristic can be used to design novel electronic devices. Efforts have been made 
in this field, and an important route taken is where ferroelectric materials are introduced 
as functional barriers in tunnel junctions [130 ], providing a possibility to strongly affect 
the resistance of such a ferroelectric tunnel junction (FTJ) by ferroelectric polarization 
switching. This functionality of FTJs is extended by employing ferromagnetic electrodes, 
as follows from the theoretical predictions [99, 131, 132] and a number of experimental 
demonstrations [133, 134, 135, 136] of tunable spin-polarized tunneling current.  
While ferroelectric materials used in FTJs are normally considered as insulators, 
previous studies have found that ferroelectricity persists even in moderately electron-
doped (i.e. metallic, or nearly so) BaTiO3 [38, 79]. These results were corroborated by 
theoretical studies showing that ferroelectric displacements in BaTiO3 persist up to a 
doping level of about 0.1e per unit cell (~1021/cm3) [137, 138]. The combination of 
ferroelectricity and conductivity in one material introduces unique electronic properties, 
opening the door to extended functionalities. In Chapter 4 we have shown that the 
ferroelectric polarization can be used to alter the resistive nature of the interface between 
n-BaTiO3 and metallic SrRuO3. Specifically, we found that polarization switching in n-
BaTiO3 induces a transition between Ohmic and Schottky regimes, leading to a five-
orders-of-magnitude change in interface resistance. 
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Figure 5.4 Polarization controlled band alignment and spin-polarization in the interface 
between a ferromagnetic metal (FM), e.g. SrRuO3, and electron-doped ferroelectric (n-
FE), e.g. n-BaTiO3. Horizontal arrows indicate the ferroelectric polarization direction. 
Light shaded areas correspond to occupied states and dark shaded areas correspond to 
unoccupied states. Schottky (a) and Ohmic (b) contacts are created for polarization 
pointing away from and into the interface, respectively. Waves depict incident and 
transmitted Bloch states for spin-up and spin-down electrons.  
 
In this chapter, we demonstrate that ferroelectric polarization can be used as a 
control parameter to tune the spin-polarization of injected carries from a ferromagnetic 
(FM) metal into an electron-doped ferroelectric (n-FE). As a model system we use a 
SrRuO3/n-BaTiO3 (001) junction, where we take into account the spin-polarized 
electronic band structure of SrRuO3. Since SrRuO3 is ferromagnetic below the Curie 
temperature of 160K [139], the transmission across such an interface is spin-polarized 
and the magnitude of this spin-polarization is expected to depend on the orientation of the 
ferroelectric polarization, as is indicated schematically in Figure 5.4. Our calculations 
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confirm this expectation, predicting a significant change in the transport spin-polarization, 
which is the central result of this work. Such an effect provides a robust mechanism to 
realize, for example, multistate magnetoelectric data operation on a single device 
component. 
 
5.3.1 Ferroelectric polarization dependent spin polarization 
First-principles calculations are performed using the plane-wave pseudopotential code 
QUANTUM ESPRESSO [91], where exchange and correlation effects are treated within 
the local spin-density approximation. The electron wave functions are expanded in a 
plane-wave basis set limited by a cut-off energy of 550eV. Periodic boundary conditions 
are used on a supercell constructed of 15.5 unit cells (u.c.) of n-BaTiO3 and 10.5 u.c. of 
SrRuO3. To simulate coherent epitaxial growth on a SrTiO3 (001) substrate, we constrain 
the in-plane lattice constant of the supercell to be the calculated LDA lattice constant of 
cubic SrTiO3, a = 3.871 Å. The supercell is constructed by stacking these structural unit 
cells along the [001] direction (z direction) assuming the SrO/TiO2 termination on both 
interfaces. The electron doping of n-BaTiO3 is assumed to be 0.06e per formula unit, 
which is realized by the virtual crystal approximation [104] applied to the oxygen 
potentials in BaTiO3. Full internal relaxations of the atomic positions and the overall c/a 
ratio of the supercell are carried out with no spin-polarization taken into account until the 
Hellmann-Feynman force on each atom becomes less than 10 meV/Å. Then, self-
consistent spin-polarized calculations are performed to converge the electronic structure 
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to 10-5 eV/u.c. Monkhorst-Pack k-points meshes of 6×6×1 and 12×12×1 are used for 
structural relaxation and electronic structure calculations, respectively.  
Transport properties, i.e. the spin-dependent interface transmission, are calculated 
using a general scattering formalism implemented in the QUANTUM ESPRESSO. 
Within the supercell the polarization direction of the n-BaTiO3 is uniform throughout, 
pointing away from the right interface toward the left interface. In the transport 
calculation, therefore, we treat the left and right interfaces in the supercell as separate 
scattering regions, each ideally attached on one side to a semi-infinite SrRuO3 electrode 
and on the other side to a semi-infinite n-BaTiO3 electrode. These transport geometries 
correspond to the same SrRuO3/n-BaTiO3 junction with polarizations pointing in the 
opposite directions. We assume perfect periodicity in the plane parallel to the interfaces 
so that the in-plane component of the Bloch wave vector, k ||, is preserved for all single-
electron states. The transmission calculations are performed over the entire two-
dimensional Brillouin zone (2DBZ), sampled using a uniform 100×100 k || mesh. 
Consistent with the result shown in Chapter 4 for the non-spin polarization 
calculation, we find that reversal of ferroelectric polarization of n-BaTiO3 results in a 
transition between two contact regimes: Schottky and Ohmic. We find, however, that  
taking into account the spin-polarized band structure of SrRuO3 leads to a smaller change 
in the interface resistance with polarization reversal, as compared to the non-spin-
polarized calculations. Specifically, we obtain a total resistance of 0.28×102 Ωµm2 for the 
Ohmic contact and 0.95×104 Ωµm2 for the Schottky contact, revealing about three-
orders-of-magnitude change in the interface resistance. This difference between the non-
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spin-polarized and spin-polarized results is due to the changes in the Fermi surface of 
SrRuO3. This is especially true for the spin-down transmission channel in SrRuO3, which 
has a larger wave vector than the non-spin-polarized Fermi surface and therefore higher 
probability of tunneling across the Schottky barrier.  
 
 
Figure 5.5 k||-resolved transmission through the Schottky interface for (a) spin-up and (b) 
spin-down electrons. (c) k||-resolved spin-polarization for the Schottky interface. Note 
that transmission is only plotted in a small region around k|| = 0, all other points in the 
2DBZ have zero transmission.  (d-f) Same as in (a-c) for the Ohmic interface. 
 
For each contact, we calculate transmission for spin-up and spin-down electrons 
(T↑ and T↓, respectively) over the 2DBZ. As seen in Figure 5.5, the transmission is 
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distributed in a ring-shaped area centered around the Γ  point (i.e. k || = 0). Regions of the 
2DBZ with non-zero transmission occur only where the Fermi surface projections of 
SrRuO3 and n-BaTiO3 overlap, leading to the ring-like distribution. For both polarization 
orientations (i.e. for both interface contact regimes), the spin-down transmission is larger  
than that of the spin-up transmission. Figures 5.5(c) and (f) show the spin-polarization of 
the interface transmission, which is defined by SP = (T↑ – T↓)/(T↑ + T↓) and calculated 
over the 2DBZ. It is evident that for both contact regimes, the net spin polarization is 
negative. When ferroelectric polarization is pointing toward the interface and the contact 
is Ohmic, the net spin polarization is -65%, Figure 5.5(f). When the ferroelectric 
polarization is switched to point away from the interface and the contact is Schottky the 
spin-polarization in this case is negatively enhanced to -98%, Figure 5.5(c). 
To understand such a strong effect, we start from examining the Fermi surface of 
SrRuO3 (Figure 5.6). Its projection covers nearly the entire 2DBZ, as seen from Figures 
5.6(a, b) and 5.6(c, d) for spin-up and spin-down, respectively. The Fermi surface of n-
BaTiO3 consists of a single sheet forming a corrugated tube oriented along the electric 
polarization, as shown previously in Chapter 4. The overlap between the Fermi surfaces 
of SrRuO3 and n-BaTiO3, viewed along the transport direction, leads to the ring-like area 
approximately indicated by the concentric circles in Figure 5.6(b) and (d). Since we 
consider complete in-plane periodicity there is no mixing between different k || and, 
therefore, to study the spin-polarized transmission, we need only to take into account the 
properties of states located in this region of the Fermi surface of SrRuO3. An orbital 
analysis of these states on the Fermi surface reveals that spin-up states are composed 
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mainly of the Ru 𝑑𝑑𝑧𝑧2orbital (the yellow surface in Figures 5.6(a) and 5.6(b)), while the 
spin-down states are composed of Ru 𝑑𝑑𝑧𝑧𝑧𝑧 and 𝑑𝑑𝑧𝑧𝑧𝑧 orbitals (the magenta surface in 
Figures 5.6(c) and 5.6(d)). 
 
 
Figure 5.6 Fermi surfaces of SrRuO3 for spin-up (a) and spin-down electrons (c) and 
their view along the z direction respectively (b) and (d). Colors are used to aid the eye in 
delineating different sheets, and different sides of the same sheet, of the Fermi surface. 
The concentric rings in (b) and (d) approximately demark the minimum and maximum 
radius of the Fermi surface of n-BaTiO3. 
 
The negative value of spin polarization, as found for both cases, as well as the 
change in spin-polarization magnitude can be understood using the arguments put forth 
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by Slonczewski [119]. According to the Slonczewski model, first, the spin-polarization of 
the transmission coefficient for a given k || is negative if / 1z zk k
↓ ↑ > . Second, the 
magnitude of the spin-polarization depends on the effective barrier height for each k ||: 
higher barriers lead to an enhanced spin-filtering.  
The results of our calculations conform to both of these relationships. The spin-
resolved Fermi surfaces of SrRuO3 have quite different characteristics in the ring-like 
region of the 2DBZ, with / 1z zk k
↓ ↑
 , as seen by comparing the yellow surface for spin-
up in Figure 5.6(a,b) with the magenta surface for spin-down in Figure 5.6(c,d). This 
behavior can be understood in terms of the orbital character of the spin-dependent states 
comprising the Fermi surface. The crystal field lowers the energy of the Ru t2g orbitals 
with respect to the Ru eg orbitals. This reduces the potential energy of the spin-down 
𝑑𝑑𝑧𝑧𝑧𝑧and 𝑑𝑑𝑧𝑧𝑧𝑧 states and, hence, enhances their kinetic energy on the Fermi surface, which 
is reflected in a nearly spherical Fermi surface and a larger Fermi wave vector for the 
spin-down states. On the contrary, the higher energy of the spin-up 𝑑𝑑𝑧𝑧2 states strongly 
affects the shape of the Fermi surface causing it to form a cross pattern of three 
corrugated tubes,  leading to small values of the Fermi wave vector in the vicinity of the 
Γ  point for the spin-up states.  
When the ferroelectric polarization of the n-BaTiO3 points into SrRuO3, as shown 
in Figure 5.4(b), the Fermi level is located closer to the bottom of conduction bands of n-
BaTiO3 than it is in the bulk. This leads to the first layer of n-BaTiO3 near the interface 
being, in fact, an effective tunneling barrier, despite the small occupation of the 
conduction band. When ferroelectric polarization is reversed to point away from SrRuO3, 
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as shown in Figure 5.4(a), there is complete depletion of conduction band states near the 
interface (i.e. a Schottky barrier) and hence the tunneling barrier height is dramatically 
increased. 
 
 
Figure 5.7 Spin-up (a, c) and spin-down (b, d) k||-resolved local density of states on the 
interfacial Ti atom for Schottky (a, b) and Ohmic (c, d) contacts.  
 
We conclude therefore that the negative spin- polarization can be explained by the 
existence of a tunneling barrier at the SrRuO3/n-BaTiO3 interface and the spin-dependent 
Fermi surface of SrRuO3 which is characterized by a larger wave vector for spin-down 
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electrons compared to spin-up electrons ( / 1z zk k
↓ ↑ > ). Furthermore, when the ferroelectric 
polarization is reversed from pointing into the interface to pointing away from the 
interface the dramatic increase in the barrier height leads to the substantial enhancement 
in the magnitude of the spin-polarization, consistent with the Slonczewski model. 
The change in the transport spin-polarization with ferroelectric polarization 
reversal is also reflected by the induced local density of states within the n-BaTiO3 
barrier near the interface. Figure 5.7 shows the spin-polarized local density of states on 
the interfacial Ti atom for both contact regimes. It is seen that, within the transmission 
ring, the induced density of states is more negatively spin-polarized for the Schottky 
contact than for the Ohmic contact. This observation is consistent with our prediction of 
the enhanced negative spin-polarization in the Schottky contact regime.  
This change in the transport spin polarization coexists with the magnetoelectric 
effect: a change in the interfacial magnetic moment with reversal of ferroelectric 
polarization. The magnetic moment on the Ru atom is 0.72 µB in the center of the 
SrRuO3 layer which is reduced to 0.40 µB and 0.58 µB at the Schottky and Ohmic 
interfaces, respectively. Integrating the spin density across the interfaces we find that the 
net change in interfacial magnetic moment per unit area caused by the ferroelectric 
polarization reversal is ∆M ≈ 0.35 µB/a2, which is nearly the same as that found for an 
undoped SrRuO3/BaTiO3 system [25]. 
The predicted ferroelectrically-tunable transport spin-polarization is not limited to 
the particular SrRuO3/n-BaTiO3 junction considered in this work. We expect the 
phenomenon to be a general feature of the FM/n-FE interface owing to the fact that the 
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effect stems from the electrostatic modulation of the barrier on the ferroelectric side of 
the interface and not on the properties of the ferromagnetic metal. In particular, this effect 
should be manifest for other ferromagnetic electrodes, e.g. those with higher Curie 
temperatures for operation at room temperature. Moreover, we anticipate the possibility 
of spin-polarization control over a broader range of values, including a change between 
positive and negative. This additional tunability can be achieved by changing the doping 
level on the ferroelectric, as well as using interface engineering to adjust the Schottky 
barrier at the interface [62,140] and/or enhance ferroelectric polarization stability [43]. 
The detection of spin polarization may be achieved using methods similar to those 
adopted in the studies of spin injection into semiconductors [107-112].  
 
5.3.2 Ferroelectric polarization dependent sign of spin-polarization 
In order to reveal the possibility to control the sign of the spin-polarization via 
ferroelectric polarization orientation we perform theoretical modeling based on a free 
electron approach, taking into account parameters extracted from the first-principles 
calculations. We assume a low doping limit, when the Fermi surface of n-BaTiO3 has an 
ellipsoidal shape and the tunneling conductance is dominated by electrons at k|| = 0.∗ We 
consider a Schottky barrier which has an exponential potential profile ( ) zV z Ue λ−= , as 
shown in inset in Figure 5.8. Details of the model are given in the Section 5.4. We find 
that the transport spin-polarization Ps is determined by the spin-dependent Fermi wave 
vectors in the ferromagnetic metal, zk
↑  and zk
↓ , and the Schottky barrier height U so that 
∗ Note that this limit is prohibitive to density-functional calculations due to a large screening length in n-
BaTiO3 which makes the required supercell too large. 
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Figure 5.8 Spin polarization as a function of the Schottky barrier height U for 
0.079zk
↑ ≈ Å, 0.634zk
↓ ≈ Å and γ = 5.55. The inset shows schematically the potential 
profiles for up- (solid line) and down-  (dashed line) spin electrons.  
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− −
=
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,                                                     (8) 
where 2 22 /zm Uk =  , mz is the effective mass in n-BaTiO3 along the transport direction, 
/zm mγ = , and  m is the free electron mass. Interestingly, formula (8) is similar to the 
Slonczewski formula derived for a rectangular potential barrier [119]. It is evident that 
the spin-polarization changes sign when 2 2 z zk kk γ
↑ ↓= . Figure 5.8 shows the spin 
polarization as a function of the Schottky barrier height U for the Fermi wave vectors of 
SrRuO3 and the effective mass in n-BaTiO3 obtained from our first-principles calculation. 
We see from the figure that the spin polarization changes sign at 0.44U ≈ eV. This value 
lies between U = 0.13 eV and U = 0.73 eV predicted by our density-functional 
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calculation for two ferroelectric polarization orientations in the SrRuO3/n-BaTiO3 
junction.∗ We therefore expect that at low electron doping the spin polarization of 
conductance in this junction should change its sign with reversal of ferroelectric 
polarization in n-BaTiO3.  
 
5.4 Free electron model 
 
 
Figure 5.9 Schematic potential profiles for up- (solid line) and down- (dashed line) spin 
electrons across a FM/n-FE interface.  
 
We employ a free-electron model to describe electron transmission from a semi-infinite 
ferromagnetic (FM) metal layer to a semi-infinite electron-doped ferroelectric (n-FE) 
which are separated by a Schottky barrier at the interface. The overall potential profile 
∗ In the low doping limit these values may be different. For n = 0.06 e/u.c. the polarization is only ~10% 
lower than that of un-doped BaTiO3 and therefore we expect that the larger ferroelectric polarization in the 
low doping limit will enhance the modulation of the Schottky barrier height about the average value and 
make the change of sign of the spin polarization more robust. 
EF
z
E
0
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U
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seen by transport electrons is a superposition of the step-wise potential originating from 
the offset of the conduction band minima in the FM and n-FE and the electrostatic 
potential resulting from the screening charge forming the Schottky barrier (Figure 5.9). 
The Schottky barrier height is dependent on ferroelectric polarization orientation. The 
FM metal is described by the spin-dependent potential (shown by solid and dashed lines 
in Figure 5.9) resulting in the spin-dependent Fermi wave vectors, zk
↑  and zk
↓ , 
corresponding to up- and down-spin respectively.  
The potential in the n-FE layer ( 0z > ) has the form of / ,zcE Ue
λ−+ where Ec is 
bottom of the conduction band, U is the Schottky barrier height, and λ is the screening 
length. This shape of the Schottky barrier is consistent with our first-principles 
calculations from which we find 11λ ≈ Å, and U = 0.13 eV and U = 0.73 eV for the two 
ferroelectric polarization orientations in the SrRuO3/n-BaTiO3 junction with n = 0.06e 
per unit cell.  The Schrödinger equation in the ferroelectric layer ( 0z > ) can be written 
as follows:  
2 2 /( ) ( ) ( ) 0zfz q z e z
λψ ψ k ψ−′′− − + = ,                                             (9) 
where 2 2
2 ( )zf F c
mq E E= −

 is the wave vector in n-FE layer and 2 2
2 zm Uk =

. It has two 
linear independent solutions.  The solution corresponding to the transmitted wave tψ  
which has at large z an asymptotic behavior representing an outgoing plane wave fiq ze  is 
given by:  
( )/2( ) 2fq zt z Ce J i eπ λ λνψ kλ− −−= ,                                            (10) 
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where 2 fiqν λ= , ( )Jη ξ  is a Bessel function of the first kind, and C is a constant.  
Solution of the Schrödinger equation in the ferromagnetic layer for each spin 
projection can be taken as a linear combination of the incident iψ  and reflected rψ plane 
waves:  
z zik z ik ze B eriψ ψ ψ
−= + = + ,                                                   (11) 
where for simplicity we omit the spin index for the  Fermi wave vector kz in the FM 
metal layer. The coefficients C for the transmitted wave and B for the reflected wave are 
found from the continuity conditions for the wave function and the current density at the 
interface (z = 0): 
( ) ( )
2
2 2
fq
z
z
k eC
k J i J i
π λ
ν ν
γ
γ kλ k kλ− −
=
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 ,                                              (12) 
where /zm mγ =  and m is the free electron mass. 
In order to obtain transmission we need to find the coefficient A of the outgoing 
plane wave A fiq ze at large z. Taking the limit of z → +∞  in Eq. (10) we arrive at 
 ( ) ( ) 2/2( ) (1 ) (1 )lim
f f
f f
q q
i q iq zz
tz
Ce Cez i e i e
π λ π λ
ν λλψ kλ kλ
ν ν
− −
− −−
→ +∞
= ==
Γ − Γ −
,       (13) 
so that  
( ) ( )
( ) 221
(1 ) 2 2
fi qz
z
kA i
k J i J i
λ
ν ν
γ
kλ
ν γ kλ k kλ
−
− −
=
′Γ − −  
,                             (14) 
where ( )ξΓ  is the gamma function.  The transmission coefficient is then given by 
( ) ( )
2
2
2 2
41
(1 ) 2 2
fq
f z f
z z
q k q e
T A
k k J i J i
π λ
ν ν
γ
γ ν γ kλ k kλ− −
= =
Γ − ′−
.                                (15) 
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Expression (15) can be simplified in the limit of low doping, when qf is small. In 
this limit λ and hence kλ become large, however, the product qfλ and hence ν remain 
small. In this limit, we can use an asymptotic expression for the Bessel function   
2 41 2( )
2
i
J e
ηπ πξ
η ξ π ξ
 − − − 
 ≈ .                                                 (16) 
Substituting Eq. (16) into Eq. (15) we find for the transmission coefficient: 
( )
4
2 2 2
16 z f
z
k q
T e
k
kλπγ kλ
γ k
−≈
+
.                                                  (17) 
Spin dependence in Eq. (17) enters through kz which have different values for up- 
( zk
↑ ), and down- ( zk
↓ ) spin electrons. The spin polarization is defined as follows: 
s
T TP
T T
↑ ↓
↑ ↓
−
=
+
,                                                           (18) 
where T ↑  and T ↓  are transmissions for up- and down-spin electrons respectively. From 
Eq. (18) we finally obtain Eq. (8) as is shown in Section 5.3.2, 
2 2
2 2
z z z z
s
z z z z
k k k kP
k k k k
k γ
k γ
↑ ↓ ↑ ↓
↑ ↓ ↑ ↓
− −
=
+ +
. 
 
5.5 Conclusions 
In summary, we have shown that a ferromagnet/n-doped ferroelectric junction can be 
used to control the spin-polarization of injected carries. For the prototypical SrRuO3/n-
BaTiO3 junction, we predicted that reversal of ferroelectric polarization of n-BaTiO3 
changes the spin-polarization of transmission from -65% to -98%. This sizable change 
occurs due to the effect of ferroelectric polarization on the effective contact barrier height, 
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selecting preferentially electrons with a certain spin orientation as a result of the spin-
dependent Fermi surface of SrRuO3. We also showed a possibility to change the sign of 
the spin-polarization in this system at low electron doping. The proposed 
ferroelectrically-tunable spin-polarization offers an exciting prospect to extend the 
functionalities of semiconductor-based spintronic devices. 
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